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INTRODUCTION 
For many years man has been searching for a cure for 
lime-induced chlorosis. This disease is prevalent through-
out the entire western United States and is characterized 
by a yellowing of the leaves, destruction of the chlorophyll, 
and eventual death of the plant. It has brought devastation 
of fruit orchards in Utah, costing fruit producers millions 
of dollars. Hardly any county in Utah is free from this 
destructive nutritional disease. 
Certain conditions are conducive to lime-induced 
chlorosis. High-lime soils, hi~h moisture content of soils, 
poor aeration, fine textured soils, and extremes in tempera-
ture are favorable in inducing chlorosis. The bicarbonate 
content of the soil in chlorotic areas has been found to 
be higher than in non-chlorotic areas. Chlorosis ha~ been 
brou~ht about in pot experiments through the addition of 
bicarbonate salts. 
The problem is, however, more complex than first glance 
would indicate. Chlorotic and non-chlorotic trees may grow 
side by side in the orchard. Varieties of grape may differ 
in their susceptibility to chlorosis. Grafting of chlorosis-
susceptible varieties on chlorosis-resistant root stocks has 
resulted in plants immune to chlorosis. 
It is well known that plants of different species differ 
in their susceptibility to chlorosis. It is not so well 
known why this difference exists. There is evidence to 
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support the hypothesis that when a nutrient is missing in 
a plant, it will be manifested by reduced activity of the 
enzymes requiring this nutrient. Iron is necessary for cy-
tochrome oxidase activity. A reduction in. iron uptake would 
lower cytochrome oxidase activity and upset metabolic pro-
cesses in the plant. Respiration is directly linked with 
growth of plants, but all plants do not follow the same res-
pirational pathway. Cytochrome oxidase, ascorbic acid 
oxidase, polyphenol oxidase, and others are systems that 
have been shown to function in the respiration of plants. 
One plant may follow a dominant cytochrome oxidase respira-
tional pathway; another may follow the ascorbic oxidase 
system. Could this be the reason why plants differ in their 
susceptibility to chlorosis? Could the bicarbonate ion affect 
one or more of these systems? The followin~ work was planned 
to help clarify these questions. 
REVIEW OF LITERATURE 
Bicarbonate Ion as a Factor in Chlorosis 
---
There is voluminous literature on problems related to 
chlorosis. No attempt will be made in this paper to cover 
all factors that -have been related to chlorosis. Only the 
literature that has a direct bearing on the bicarbonate !on 
and plant respiration in relation to chlorosis will be 
reported. 
-- Gile and Carrea (1916) supported the hypothesis that 
chlorosis was induced through the inactivation of iron by 
the high pH that exists in the calcareous soil. Many in• 
vestigators since have disagreed with this hypothesis. 
Thorne et al. (1950) found that high soil pH and high lime 
did not prevent iron uptake but apparently aided in the 
inactivation of the iron within plants. J. H. Rediske and 
Biddulph (1953) found with nutrient cultures that the greatest 
mobility of iron occurred with the nutrient cultures of law 
pH, low phosphorous and iron concentrations. A direct and 
exact relationship between the hydro~en ion concentration of 
tissue fluids and the soluble iron content of leaves was 
shown to exist by Ingalls and Shive (1931). They found that 
the pH of the fluid extract of stems and leaves increased 
during the day and decreased at night. The absorbed iron 
under conditions of low tissue-fluid pH remained soluble. 
Stewart and Preston (1941) studied the effects of pH and 
components of the bicarbonate ion buffer solution on the entry 
of the bromide ion into potato disks. The bicarbonate ion 
more than any other component of the buffer solution suppressed 
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the uptake o~ the bromide ion. Wadleigh and Brown (1952) 
showed that the bicarbonate ion depress ed the entry of calcium 
and accentuated the entry o~ potassium in bean plants. Higher 
concentrations of NaHCO; were associated with greater inten-
sities of chlorosis and a marked decrease in growth. The 
authors were inclined to view bicarbonate induced chlorosis 
as caused by reduced uptake of iron and inactivation of iron 
within the roots. Overstreet et al. (1942) pointed out that 
appreciable accumulation o~ bicarbonate ion by the roots had 
never been demonstrated. This seemed to indicate that bi-
carbonate ions did not enter the roots but concentrated on 
the root external surfaces to inhibit carbon dioxide diffusion 
outward. 
The experimental data of Lindsay (1953) show that bicar-
bonate ion increased the accumulation of iron in the roots 
of Great Northern bean plants but reduced the translocation 
to leaves and stems. Warnock (1952} found that iron in lime-
induced chlorosis is immobilized within the plant and tends 
to accumulate in the stems. Porter (1954) conducted nutrient 
culture experiments in which pH and bicarbonate ion concen-
trations were varied by regulating the carbon dioxide pressure 
of the aeration stream. Great Northern bean plants contracted 
chlorosis at the higher bicarbonate ion concentrations regard-
less of pH. High pH alone did not induce chlorosis. Chang 
and Loomis (1945) inhibited the uptake of water and absorption 
of nutrients of cereal crops by bubbling carbon dioxide through 
nutrient solutions. 
The atmosphere contains o.o; per ce!}t of C02• Bradfield 
(1941) reported that because of biolog ical activity and root 
respiration soil air is ten and sometimes 100 times as high 
in carbon dioxide as the atmosphere. In the winter months 
the oxygen of the soil air may be almost completely replaced 
by co2 • In this extreme case the air would be almos t 20 per 
cent carbon dioxide. In a calcareous soil there would be 
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an interrelationship between carbon dioxide pressure, bicar-
bonate, pH, and calcium carbonate according to the Henderson-
Hasselbach equation: (pH • pK - log (C02) / (Hco3 ) ) (Umbreit, 
Burris and Stauffer, 1949). 
Lindsay (19 53) reported higher concentrations of bicar-
bonate and calcium plus magnesium from soil solutions of 
chlorotic areas than adjacent non-chlorotic areas. 
It is also possible that present sampling procedures do 
not give us a true picture of the calcium carbonate - bicar-
bonate - co2 equilibrium at the root-soil interface. 
Effect of Bicarbonate ~ ~ Phvsiological Activity of Plant 
Tissues 
Grafting experiments of Wann (1941) seemed to indicate 
physiological differences in the roots of various varieties of 
grapes. Chlorosis is a serious problem when varieties of 
Vitis labrusca are grown on calcareous soil. Chlorosis is 
mild or non existent in varieties of Vitia vinifera when grown 
on the same type of soil. It has been demonstrated that 
varieties of Vitia labrusca are not susceptible to chlorosis 
when grafted on a compatable stock of Vitis vinifera. 
Wall and Cross (1943) found marked differences in the 
tolerance of different plant species to sodium bicarbonate. 
Carnations were virtually insensitive, wher~as chrysanthemums 
were found to be extremely intolerant and developed chlorosis 
at relatively low concentrations of sodium bicarbonate. 
Jacobs (1920) found that alkaline solution cultures 
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containing sodium bicarbonate were as effective in producing 
intracellular acidity as slightly acid solution cultures with 
increasing carbon dioxide pressures. 
Stewart and Preston (1941) observed that increasing con-
centrations of potassium bicarbonate progressively depressed 
protein synthesis and oxidase activity of potato disks, and 
commented, "This is the only case yet encountered in these 
investigations in which an increased concentration of potas-
sium salt decreased the respiration and metabolism of potato 
disks". They attributed this effect to carbonic acid and 
bicarbonate ions specifically. 
Overstreet et al. (1942) pointed out that respiration is 
essential for the process of salt accumulation by roots. Res-
piration and other processes could be conceivably disrupted 
if the end product of respiration were intensified in the 
absorbing cells. 
Chang and Loomis (1945) attributed the toxic effect of 
carbon dioxide on plant protoplasm to its specific ability 
to change the internal pH of cells and form hydrogen bond 
compounds with proteins. Different responses were noted with 
different species. 
Cantino and Thyatt (1953) found that bicarbonate ion in-
duced the direct formation of individual R. s. plants (resis-
tant thick celled sporangia) from Blastocladiella emersonii 
and B. s. S. (strain of Blastocladiella symplex). The 
swarmers from B. s . M. and B. E. M. (mutant strains from 
Blastocladiella symplex and emersonii, respectively) did 
not produce R. s. plants when grown on a bicarbonate media. 
Most of these swarmers were rendered incapable of growth under 
these conditions. The lack of viability was not due to t~ 
reaction of the bicarbonate media. They exhibited the aame 
degree of viability at a pH of 8.8 on a media lacking bicar-
bonate ion as they did in the pH range of 6.5 - 8.5. Thus 
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the external factor which initiates and directs the mechanism 
leading to R. s . formation in ~· emersonii and B. s. s. is 
inoperative for the mutants. Cytochrome ox idase and succinic 
dehydrogenase were found in the cell free extract of all four 
organisms at comparable levels. Ketoglutarate was found 
easily in B. emersonii and B. S . s., but it could not be de-
tected in the mutant strains B. s . M. and B~ E .• M. The mutant 
strains were rendered incapable of growth on a bicarbonate 
medium. This inhibition of growth could not be attributed to 
the high pH of the medium. B.emersonii and symplex, respectively. 
produced resistant spores on a bicarbonate medium and growth 
continued. Ketoglutarate was absent in the mutants. Could 
the absence or presence of this enzyme determine whether or 
not growth continued on a bicarbonate medium? 
Enzymes and Inhibitors 
Krebs and Johnson (1937) proposed a respiration scheme 
that is now known as the Krebs cycle. According to this con-
cept pyruvic-acid is a direct and primary product or carbo-
hydrate breakdown in living cells. The pyruvic acid is then 
oxidized forming other acids until the end products. carbon 
dioxide and water, are produced. For this last step. the 
combination of hydrogen with oxygen, a terminal oxidase is 
necessary. 
Brown and Hendricks (1952) g rew various plants on cal-
careous and organic soils. They postulated that when a 
nutrient is missing in a plant, it will be evident by the 
reduced activity of an enzyme requirinp, this element. 
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Catalase activity was low when the iron supply wa·s limited in 
corn, tobacco, lupines, and several other crops. As corbic 
acid oxidase activity was markedly reduced by a limited copper 
supply and is correlated with a reduction in yiel4 in wheat 
which has a copper terminal oxidase. 
Brown (1953) indicated that plants that appear to have 
iron dominated metabolic systems are susceptible to lime-
induced chlorosis and are not copper responsive. Copper 
requiring metabolic systems seems to predominate in most 
plants not susceptible to chlorosis (wheat, barley, midland 
milo, okra, and cocklebur plants). 
The copper enzyme ascorbic acid oxidase is the terminal 
oxidase for wheat plants more than one week old. Brown and 
Hendricks (1952) found a very low activity of this enzyme 
in corn and wheat grown with a limited copper supply. Poly-
phenol oxidases are known to be low or completely absent in 
wheat or barley. They are the chief terminal oxidases in 
the cytoplasm of spinach cells. 
Waygood (1950) postulated that there are at least five 
metal-protein oxidases that could be responsible for the 
entry of oxygen into the respiratory system of one or another 
of the higher plants. These are polyphenol o~idase, laccase. 
and ascorbic acid oxidase, all of which are copper-protein 
enzymes. cytochrome oxida se and peroxidase which are iron 
enzymes.. James and Cragg ( 1941. 1943) concluded that as-
corbic acid oxidase serves as a terminal oxidase in barley. 
It would be difficult to say what percentage of the respira-
tion of a plant follows this pathway, but it is not incon-
ceivable to think that ascorbic a c id oxidase constitutes a 
major part of the respiration- of many plants. 
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Salt respiration is catalyzed by cytochrome systems and 
is believed to play an important part in the absorption of 
anions. Burstrom (1951) suggested that the ferric ion can 
attract one negatively charged particle. He hypothesized 
that waves of electrons go from the i-level (inner boundary) 
at the vacuole to the o-level (outer boundary) at the root 
surface. Anions are picked up at the root ·surface and given 
off at the vacuole. The anions are combined with cations at 
the i-level. Thus salt becomes stored in the vacuole. Anions 
activate a respiratory system, and it may be assumed that this 
activation involves the exchange of organic acids for the 
mineral anions. This means the cytochrome system saturated 
with organic anions should be much less active than when it 
contains attached inorganic anions. The absorption of anions 
in some higher plants is dependent upon the oxidation-reduction 
cycle of the iron cytochrome oxidase. 
Lime-induced chlorosis can be brought about by treating 
chlorosis-susceptible plants with high levels of NaHco3• High 
levels of bicarbonate have little effect on chlorosis-resis-
tant species. An immobilization of iron within the plant is 
linked directly to chlorosis. In certain higher plant species 
iron serves as an important respiration enzyme. The bicar-
bonate ion induces chlorosis and could very well affect the 
iron enzyme. This would be manifested in an altered rate of 
respiration. · The use of selective inhibitors in conjunction 
with different bicarbonate levels has been used in the following 
work in an attempt to elucidate the effect of bicarbonate on 
various plant species. 
The use of selective inhibitors has become one of the ; 
most useful tools fa.r elucidating the mechanism of respiration 
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in living cells. The ideal of a spec ific inhibitor acting 
upon a single enzyme is as yet unrealized; what we have is a 
number of substances which, in suitable dosages. will react 
preferentially with particular groupings in enzyme molecules. 
James and Garton {1952) found that sodium diethyldithio-
carbamate at one millimolar concentration totally inhibited 
the barley ascorbic acid oxidase and also inhibited the cy-
tochrome oxidase by about 25 per cent. 
Warburg {1949) found that respiration is inhibited by 
such substances as hydrogen sulphide and hydrogen cyanide in 
a degree greater than would be expected from the amounts 
absorbed by the respiring surfaces. These subs tances are 
known to inhibit reactions catalyzed by iron. 
Many experimenters have differentiated between iron and 
copper enzymes by the use of carbon monoxide. Cytochrome 
oxidase, ca t alas e and peroxidas e (iron containing enzymes) 
are photo-reversibly inhibited by carbon monoxide. Copper 
containing enzymes are inhibited by carbon monoxide but the 
inhibition is not reversed under illumination. 
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MATERIALS AND METHODS 
Plant Materials 
The following species of plants were studied in the experi-
ments that follow. Dr. J. c. Brown of Beltsville, Maryland, · 
supplied all seeds, except those denoted with an asterisk. 
~ 
These were obtained from the U. S.A.C. Agronomy Department. 
-~reat Northern bean 
~asturtiums 
Dwarf Yellow milo 
Hasting White lupine 
Ga. Bitter Blue lupine 
P. I. soybean 
-~orse's Progress (Dwarf) pea 
Fla. Crescent Yellow lupine 
Hawkeye soybean 
Ottowa Select Spring rye 
Thatcher wheat 
Hannchen barley 
*Utah Hybrid corn 
·~rickly Seeded spinach 
·:lMarglobe tomato 
Long Green okra 
Seeds of the plants to be studied were treated in a 
five-tenths per cent sodium hypochlorite solution, rinsed 
clean in distilled water and allowed to so~k for two hours. 
The seeds were then placed on saturated, absorbent pads and 
covered with sterile paper towels. The absorbent pad trays 
were then placed in a germinator which was disinfected every 
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few weeks by formaldehyde and then washed with warm water and 
soap. The seeds were allowed to germinate at a constant 
temperature of twenty eight degrees centigrade until roots 
had obtained a length of two or three centimeters. 
The apical centimeters of the roots were excised and 
these were immersed in 2 ml or Hoagland's base nutrient solu-
tion in Warburg flasks. Respirational studies were begun 
immediately. 
Nutrient Solutions 
Hoagland's nutri~nt solution used in these experiments 
contained the following nutrients: 
KH2 P04 
KNO; 
Ca( N~; )2 
MgS04 
1 me/liter 
5 me/liter 
10 me/liter · 
4 me/liter 
A mixture of minor elements was added to give 0.5 p.p.m. B, 
0.5 p.p.m. Mn, 0,05 p.p.m. Zn, 0.02 p.p.m. Cu, 0.01 p.p.m. Mo, 
and 0.02 p.p.m. Fe. The nutrient solutions were brought up 
to the desired pH by adding NaOH. Bicarbonate was added as 
NaHCO;• 
Warburg Technique 
The Warburg "Direct Method" (Umbreit, Burris and Stauffer, 
1949) was used in all determinations. Respirational studies 
were made with the aid of a Dual Shaker Warburg apparatus, 
model ·#5-175 1 manufactured by the American Instrument Company 
and having a bimetal thermoregulator. The Warburg Pyrex Mano-
meter .#5-200 was used, In all experiments, except for: carbon 
monoxide inhibitory studies, flask #5-201 with a single side 
arm and! central well was used. During the inhibitory studies 
flask ~5-202 with middle well, single side arm and. venting 
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tube was used. The rlasks were calibrated the method of Shales 
{1944). 
The central well contained 0.02 ml of 5 per cent potas-
sium hydroxide. A fluted filter paper was inserted in the 
well to increase the absorbing area of the potassium hydroxide. 
The top of the well was greased with vaseline to prevent creep-
ing of the potassium hydroxide. The manometers and flasks 
were shaken at the rate or one hundred and thirty vibrations 
per minute, and the amplitude of vibration was four centi-
meters. They were allowed to shake five minutes in the twenty 
nine degree centigrade constant temperature bath. The flasks 
were then tightened and were allowed thirty minutes to equili-
briate. Readings were taken hourly over an average three hour 
span. One of the manometers with attached flask was used as 
a thermobarometer, and corrections were made -on all readings. 
Oxygen micro liters consumption per hour by the respiring ex-
cised roots was calculated. 
After each run the roots were placed in tared crucibles 
and dried at 1050 for thirty hours. The micro liters of 
oxygen consumed per milligram of oven dry root weight per 
hour were calculated. 
The pH of the nutrient solution was determined after the 
' 
respirational studies by colorimetric methods. Phenol red 
and thymol blue were the indicators used. 
The flasks were cleaned thoroughly after each study. 
They were rinsed, soaked in white gasoline, rinsed in water, 
lert in a mixture of concentrated sulphuric acid and nitric 
acid overnight, rinsed thoroughly in distilled water, and 
•• ·~ • <# :.; 
dried. ... 
EXPERIMENTAL RESULTS 
Respiration of Excised Bean Roots 1£ Relation to ~ !n£ Length 
Roots are complex anatomically but the metabolism is 
essentially that of a single simple tissue. The parenchymatous 
cortex comprises about 89 per cent of the volume of the root. 
The remaining volume consists of the stele, which is composed 
in part of dead tissuea. The root cap, apical meristimatic 
tissue, and part of· the regions of elongation and maturation 
respire at a much higher rate than the rest of the root regions. 
In respirational studies with excised roots it is neces-
sary to use the section of the root where the respirat1ona1 
rate can be replicated with precision. In a preliminary study 
the roots were prepared according to the method previously out-
lined. The apical centimeter was cut from the roots of bean 
seedlings 48, 96 and 120 hours after the first sprout appeared. 
Sections were cut from the first, second and third centimeters 
of the 96 hour bean roots, beginning at the apical end. Eight 
or nine excised roots were placed in the Hoagland 's solution 
of each .flask. The pH of t he solutions dropped from 7.0 to 
6.6 during the studies. The results, summarized in table 1, 
indicate a fairly constant respirational rate over the 48-
to 96-hour age period. For subsequent work roots of this 
period have been used. The apical centimeter of these roots 
has been found to have the greatest respirational activity. 
Further measurements have been largely confined to this 
apical centimeter. 
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Table 1. Respirat1onal rate 
to age and length 
of excised bean roots in relation 
ul oz u;etake 2er hour per mg dry tissue % dfrr. from 
ABe 1 hr. 2 hr. 2 hr. Average • low to high 
48 hr. 
13-7 12.3 14.2 13.4 
12.6 12.0 14-~ 13.0 8.~ apical 12. 11.2 12. 12.2 
em 12.~ 11.6 14.~ 13.0 13. 13.4 12. 13.2 
96 hr. 11.~ ii:1 12.j 12.6 apical 11. 12. 12.0 4.8~ 
em 12.3 12.3 12. 12.5 
11.1 12.~ 12.l 12.2 120 hr. 13.2 J.4. 14. 14.1 
22.rJI, apical 12.8 12.2 12.2 12.z em 11.2 13·~ 11.1 12. 10.0 11. 1 .1 11. 
11.9 11. 16.4 13.1 
96 hr. 8-7~ 9.2; 11.4 9.8 10.~ 2nd 8.~ 8.96 9·51 9.0 
em 11. 0 8.20 10.5 10.0 
5·~5 5-95 6.26 6.05 96 hr. 5· 0 r7 r3 i•43 15.8~ 3rd 6·li6 .1~ .20 .;o 
em .48 
-4 .04 .;o 
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The Effect of Common Ions Found in the. Soil on Excised Bean 
~ Respiration 
Hoagland's nutrient solution was used as the base in 
five containers. Four flasks were supplemented with 10 me/1 
of either sodium bicarbonate, sodium chloride, calcium chlo-
ride, or sodium sulfate. The last container contained 
Hoagland's solution base as a control. All solutions were 
adjusted to pH 8.0 with sodium hyd'roxide. Eight apical 
centimeter sections of Great Northern bean plants were placed 
in each of the flasks and studies on the effect of the various 
ions on the respiration were made. The results are summarized 
in table 2. Sodium bicarbonate inhibited the respiration by 
over 29 per cent, whereas the other sodium and calcium salts 
inhibited the respiration slightly more or less than 11 per 
cent as compared to respiration in the Hoagland's control. 
The anions and cations, other than bicarbonate, had much 
smaller but similar effects on respiration. This supports 
the hypothesis that the bicarbonate ion has a specific inhibi-
tory effect on the respiration of bean root tissue. 
Final pH values after the three hour studies were not 
taken. Although the original pH of all solutions was 8.0, it 
was unlikely that they remained constant throughout the studies. 
The bicarbonate solutions tended to increase in pH. It seemed 
advisable, therefore, to eliminate pH as a possible inhibitory 
factor. Hoagland's nutrient solution was again used as the 
ba~e. The same salts were added to each container as before, 
out 25 me per liter were used in place of 10 me per liter. 
KH2P04 at 10 me per liter was added to each container to serve 
as a buffer. The Hoagland's solution, calcium chloride, sodium 
~hloride, and sodium sulphate solutions had an original pH 
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Table 2. The oxygen uptake of apical-em sections of 96-hour 
old bean roots as influenced by Na, Ca, HC06' Cl, 
and so4 ions a~ 10 me/liter in Hoagland's s lut1on 
10 me of ul 02 uptake per hr. per mg dry tissue 
salt 1 hr. 2 hr. ~ hr. Average 
6.91 ~:~a 8.60 ~:~ NaHco3 8.68 9.26 ~.04 7.ou ~.~1 6.10 
.12 2·64 ·!!2 8. 2 
Average 7.(:;) 8.15 7 ·93 7·91 
9.26 §·26 8.~0 8 .9~ NaCl 9.80 
·73 8. 0 8.9 11.20 1:2.20 12.:20 12.:20 
· · Average 10.09 10.40 9.70 10.07 
8.~0 lg:~ 8.9z ~=3~ CaC12 9· 0 1~:~ 11.60 12. 12.~ 
Average 10.10 10.6 9·27 10.00 
8.90 10.20 8.&6 ~=~~ Na2so4 ~=1g 8-r 8. . 2 7·93 8-~ dJ.!.lO 12· 0 12·~0 1:2· 0 
Average 10.27 10.20 9 · 1 10.09 
Hoagland's 8.71 8.71 8. 91 8.78 
control 12.90 u·lO ~:~6 11.20 ' 12.20 .60 12·10 Average 11.27 11.47 10.99 11.23 
Ion Percentage 
Salts comparison difference 
NaCl - NaHC03 Cl - HC03 + 20.2 
NaCl - CaC12 Na - Ca + 0.70 
NaC1 
- Na2so4 C1 - so4 + 0.20 
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of 8.8; sodium bicarbonate solutions were buffered to an 
orig inal pH of 8.5. Eight apical centimeter sections of 
Great Northern bean roots were placed in each of six flasks. 
Two flasks contained the sodium b icarbonate nutrient solution; 
the four remaining flasks contained the other salt-nutrient 
solutions. Respirational studies were conducted and the 
results are tabulated in table 3· 
During the first and second hour the bicarbonate solutions 
gave no pronounced inhibition of respiration. Subsequent 
inhibition by bicarbonate ion seemed to increase with time, 
the fifth and sixth hours showing a marked decrease in respira-
tion over the previous hours. During the sixth hour the 
respiration of the excised roots in the bicarbonate ion 
nutrient solution was inhibited by over 23 per cent. The 
roots in the other salt nutrient solutions were inhibited less 
than 6 per cent during the same hour. The cations and anions, 
other than bicarbonate, again produced less inhibition of 
respiration than did bicarbonate. The magnitudes of the per-
centage inhibition caused by the other salts were approximately 
equal. The osmotic pressures of the nutrient solu tions used 
in this experiment were measured and found to vary from 1.5 
to 1.8 atmospheres. 
The results of experiments reported in tables 2 and 3 
differ in respect to the inhibitory effect of bicarbonate ion 
during the first hour. Since the pH of t he bicarbonate solu-
tions were essentially the same in both experiments one could 
not attribute this noted difference in behavior to the pH 
alone. In this second experiment 10 me/liter of KH2P04 were 
added to each solution to act as a buffer. It has been noted 
by several experimenters that the potassium ion has a stimulating 
effect on the respiration (Stewart and Preston, 1941). This 
Table 3· The oxygen uptake of apical sections of 96- hour old bean roo t s as influenced by 
Na, Ca, Hco3 , Cl, and so4 ions at 25 me/liter in Hoagland's solution 
25 me of 
salt 
NaHco3 
Average 
NaCl 
Average 
CaC12 
Average 
Na2so4 
Average 
Hoagland's 
control 
Average 
ul 02 uptake per hour per mg dry tissue 
' Original 1 Final 1..----------------------------
_pH 1 _ _pi! --~l hr. 2 hr. 3 hr. 4 hr. 5 hr. 6 hr. Average 
8. 
8. 
8. 
8. 
8.8 
8.8 
8.6 
8.5 
lh.4 
16. 
13.6 
12.8 
13.2 
17.0 i~:~ 
15.6 16.4 18.0 16.2 17.2 17.0 1ve 
8.8 8.6 15.4 13.8 16.1 14.7 16.7 16.7 1 
8.8 8.5 16.0 18.6 18.6 17.8 17.8 -- 1 
- - --- -----1q 16.2 - 17•4 -- 16.2 17•3 16.7 1ve 
8.8 8.6 16.4 14.; 16.20 15.2 16.2 16.2 15.8 
8.8 a.s 17.0 20.3 20.3 19.4 _ 19.4__ -- 19_.3 __ 
8.8 
8.8 
16.7 1?.; 18.3 17-3 17.8 16.2 17.6 
16.1 
18. 
17·5 
17.3 
--
17.3 
1-' 
'-0 
Table 3 (a). Comparison of common ions found in soil 
Ion I 
Salt comparison I 1 hr. 2 hr. 2 hr. 
NaCl - NaHco3 Cl - HC03 + 4·9 + 6.0 +11.1 
NaCl - CaC12 Na - Ca o.o o.o + 3·3 
NaCl - Na2so4 c1 - so4 .. 6.7 .. 4.1 .,. 1.6 
~ diff'erence 
~hr. 2 hr. 
+18.5 +23.2 
o.o o.o 
.,. ·6.; + 3·4 
6 hr. 
•23 
• 1.8 
.,. 4·7 . 
Averae;e 
•11.3 
.,. 0.6 
+ 4·5 
1\) 
0 
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could explain why the bicarbonate ion took longer to cause an 
inhibition when potassium was present. 
The Effect £! ~ on ~ Respiration 2£ Excised ~ Roots 
\Vhen bicarbonate ion was added to a solution and this 
solution was used in micro-respirational studies. the pH of 
the solut1.on rose during the course of the experiment. The 
pH of a solution containing 25 me/liter of bicarbonate ion, 
which had an original pH of 8.5, rose to 9.2 during the course 
of an experiment, even though the solution was buffered with 
10 me/liter of KH2Po4. It might be argued that the inhibitory 
e£fect of the bicarbonate ion resulted from the high pH of 
the solution. The following experiment was therefore designed 
to check the effect of pH on the respiration of excised bean 
roots. 
Hoagland's nutrient solution was buffered with 10 me/liter 
of KH2Po4. Solutions were brought to the desired pH with 
sodium hydroxide and hydrochloric acid. (It has been shown 
that the chloride and sodium ions have little effect on the 
respirational rate.) Each flask contained the same nutrient 
solution, differing only in pH. Excised root sections were 
prepared for study as before, and their respiration was followed 
for a period of three hours. The graph in figure 1 shows the 
pH effect. The results of these studies, summarizing the 
effect of pH on the respiration of excised bean roots, are 
shown in appendix tables 1, la, 2 and 2a. 
The respiration in the pH range 6.5 to 8.5 is fairly 
constant. Strangely enough, the respiration is lowest in 
this range at pH of 7.5. The difference is, however, very 
small and may be caused by variation in root tissue . 
The rate of respiration in the original pH range 3 to 
~· ~! 
·= ... 
... ~ 
- . 
.. 
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10.5 is not constant throughout. At a pH of 3 there is a very 
definite inhibition. The respiration is fairly constant from 
a pH of 4.5 through 9. The oxygen uptake was greatest at a 
pH or 6, but even so the uptake was only 12 per cent less at 
a pH of 10.5. The results seem to indicate the inhibition 
by bicarbonate ion observed in previous experiments is due 
to some other cause than pH. The nutrient solution with an 
original pH of 10.5 had a final pH of 9·3· The inhibition in 
the third hour was 19 per cent which is 1n the same range as 
that found in the presence of bicarbonate. 
The Effect of the Bicarbonate Ion on Various Plant Excised 
Roots 
Brown and Hendricks (1953) concluded after experiments 
that some plants have a copper dominating terminal oxidase. 
while others have an iron dominating terminal oxidase. Those 
with an iron dominating metabolic system were found most sus-
ceptible to lime-induced chlorosis. In this phase of the 
respirational studies the effects of bicarbonate ion on various 
plant excised roots containing iron and copper as the do~inating 
terminal oxidase were studied. Table 4 from Brown (1953) lists 
various plants and from this the probable terminal oxidase for 
each can be postulated. 
The thirteen plants in table 4 were studied in the fol-
lowing experiments. Nasturtiums, peas, and spinach were also 
included in the studies. Nasturtiums and peas are sensitive 
to chlorosis; spinach has been shown to have a polyphenol 
terminal oxidase (O•Kane and Gunsalus, 1947). 
The seeds were treated and germinated as previously out-
lined. Eight to ten of the larger excised roots, such as corn, 
Table 4. Plants grown on a calcareous and organic soil, and 
the occurrence of lime-induced chlorosis or copper-
deficiency sJ~ptoms, respectively 
Calcareous soil =t>rganic soil 
(lime induced) (copper deficiency) Plants 
(chlorosis) (symptoms) 
Thatcher wheat 
Hannchen barley 
Midland milo 
Long Pod okra 
Red ki~ney bean 
White lupine 
Blue lupine 
Yellow lupine 
PI-54619-5-1 soybean 
Marglobe tomato 
Minn. Hybrid #800 corn 
Hawkeye soybean 
Ottawa select spring rye 
0 
0 
0 
0 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
0 
0 
+ 
+ 
+ 
+ 
0 
0 
0 
0 
0 
0 
0 
~ Visual deficiency symptoms other than retarded growth 
0 No visual deficiency symptom 
+-::-~- Partial def'iciency symptom 
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peas, beans, etc., were placed in each respiratory ~lask. 
When the smaller excised roots, such as wheat, rye, tomato, 
etc., were used in respiration studies, twenty or more were 
used per flask. The solutions used in each series of studies 
were as follow: 
Hoaglandis solution 
Hoagland' 's solution and 5 me/1 NaHC03 
Hoagland'is :,elution and 10 me/1 NaHco3 
Hoagland's solution and 15 me/1 NaHco3 
Hoagland's solution and 20 me/1 NaHco3 
Hoagland's solution and 25 me/1 NaHco3 
pH 7 
pH 7•5 
pH 7.8 
pH 8.0 
pH 8.2 
pH 8.5 
The solutions were not buffered to the same pH. The 
previous experiments indicate that the pH effect is slight 
over the range pH 6.5 to 8.5. By neglecting the pH, the error 
introduced should not be too great. Later experiments at a 
constant buffered pH showed this was the case. 
The manometers with attached flasks, containing the six 
nutrient solutions, differing only in pH and millequivalents 
of NaHco3, were attached to the shaker and constant temperature 
bath, and studies were begun. Tests were run with the ther-
mobarometer flask containing different levels o~ bicarbonate. 
It was found that the bicarbonate ion did not change the 
pressure. One thermobarometer was therefore, sufficient for 
the series of six manometers with flasks, containing nutrient 
solutions differing only in levels of bicarbonate ion. 
The results showing the effect of different levels of 
NaHco3 are tabulated in appendix tables 3 through 18. Table 
5 gives the average inhibition of respiration of the plant 
tissues studied at various concentrations of NaHco3• 
Table 5· Inhibition in respiration of plant excised roots at different NaHC03 levels (Average) 
No. 
of 
Plant 1 exp. 'lnr. 2 nr . ? nr. ~ nr. Avorase .1 hr. 2 hr. ~ hr. ~ hr. Avera.~e 
Bean 4 11.6 11.0 16.2 15.4 14.4 3-6 9.0 13·3 9·1 9.1 
Nasturtium 1 2.0 26.3 19 ·5 -- 16.5 
Milo 2 6.3 7·5 13.6 -- 8.5 11.4 10.0 12.5 -- 11.0 
W. lupine 2 10.6 15.2 18.7 -- 13.9 12.1 12.1 15.6 -- 13.9 
B. lupine 3 + 5-4 1.3 5·3 -- 0 + 1.3 1.3 5·3 -- 2.6 
P.I.soybean 2 
-- -- -- --
1.7 -- -- -- -- 11.6 
Pea 1 6.9 4·7 6.5 -- 6.0 6.9 6.3 8.1 -- 7.6 
Y. lupine 2 7-0 13.1 6.5 -- 8.9 8.7 14.0 10.2 -- 10.7 
. 
H. soybean 2 8.3 6.2 8.2 -- 7·6 18.3 10.5 18.0 -- 16.0 
Rye 3 
Wheat 4 5·1 4.6 2.3 -- 3-4 5·1 4.6 3.6 -- 4·5 
Barley 2 8.2 + 1.0 2.0 
--
2.2 + 9.6 2.0 5·0 -- 0 
Corn 3 4.2 4.6 2.8 2.7 2.9 0 0 1.4 + 1.4 0 
Spinach 1 3.8 6.1 10.2 3·9 6.0 6.3 0 6.8 10.0 6.0 
Tomato 1 + 4.0 + 5·5 6.0 8.6 • 2.0 • 7.0 • 4.4 .. 3.0 5·7 .. 1.0 
Okra 1 2.0 1.0 + 4.0 
--
0 s.o 0 • 3.0 -- 1.0 
[\) 
"' 
Table 5· (Continued) 
, No. 
1 of Plant ex E..!.._ 1 hr. 2 hr-. u~ hr~ u hr. Avera12:e 1 hr. 2 hr. =5 hr. li hr.- AveraQ:e 
Bean 4 16.0 18.0 23.8 22.6 20.8 15~2 15.0 23.8 25.2 21.6 
Nasturtium 1 + 3-0 16.9 15.0 -- 8.4 
Milo 2 11.4 10.0 18.2 -- 12.2 8.9 10.0 14.·7 -- 11.0 
w. lupine 2 15.2 13.6 17.2 
-- 15.4 16.7 16.7 21.8 -- 18.4 
B. lupine 3 6.8 5-2 13.4 -- 9.2 5·4 5·4 14-7 -- 9.2 
P.I.soybean 2 
-- -- -- --
15.6 -- -- -- -- 13.2 
Pea 1 9.6 7-8 9-7 -- 9·1 9.6 ?.8 8.1 -- 7·6 
Y. lupine 2 13.0 11.4 13.9 
--
12.5 2.6 5-3 8.4 -- 5·4 
H. soybean 2 s.8 6.1 6.6 
--
6.2 11.7 13.2 14.8 
--
13.4 
Rye 3 
Wheat 4 5-l 7-0 4.8 -- 5-6 4-4 10.4 8.1 -- 6.7 
Barley 2 2.7 0 4.0 -- 4.4 ... 6.9 0 s.o -- 0 
Corn 3 5·5 4-6 5.6 ... 4.1 2.9 4.2 3-1 5·5 6.8 4-3 
Spinach 1 1.3 ... 7-6 8.0 8.0 3.6 6.3 +12.0 1.4 1.0 g 
Tomato 1 2.0 3·3 2.0 1.0 2.0 1.0 + 6.6 0 12.0 2.0 
Okra 1 s.o 6.0 0 -- 4.0 + 1.0 4.0 0 -- 1.0 N 
-.J 
Table 5. (Concluded) 
1 1 me of NaHCO; added to the Hoagland's base solution 
No . 1 25 
of inhibition 
Plant I ex • r. hr. hr . Avera e 
Bean 
Nasturtium 
Milo 
w. lupine 
B. lupine 
P.I. soybean 
Pea 
Y. lupine 
H. soybean 
Rye 
Vfueat 
Barley 
Corn 
Spinach 
Tomato 
Okra 
4 
1 
2 
2 
3 
2 
1 
2 
2 
3 
4 
2 
3 
1 
1 
1 
13.7 
1.0 
8.9 
4.6 
8.1 
13-7 
. 12.5 
1.1 
5.1 
+ 6. 8 
1.4 
0 
+ 4.0 
6 .0 
21.0 
16 . 9 
12.5 
9.1 
10.4 
14.1 
11 . 4 
2.2 
8. 2 
2.0 
4 . 6 
+16.4 
+ 2.2 
6.0 
22 . 8 
22.2 
17.1 
11.0 
16.0 
17·7 
11.5 
6. 8 
6 .0 
8 . 0 
2.8 
1.5 
0 
3·0 
28.4 
6.3 
0 
1.0 
6. 6 
22.5 
14.6 
12.2 
7· 7 
11.9 
13.2 
15.2 
11.8 
4.1 
5-6 
2 . 2 
1 . 4 
+3. 6 
1.0 
5-0 1\) ()) 
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Bean, pea, nasturtiums, milo, lupines, and soybeans showed a 
marked decrease in respiration in the bicarbonate solutions. 
The rate of respiration was not constant throughout the three 
or four hour period, but decreased with time. The inhibition 
of respiration was in most cases greater at the higher bicar-
bonate levels, and in the third or fourth hour of respiration. 
Corn, tomato, spinach, wheat, barley, rye and okra were affected 
slightly by the bicarbonate ion. There seemed to be no decrease 
in respiration at the higher bicarbonate levels nor was it 
affected by the time period. In table 6 the plants are listed 
in order of greatest inhibition to bicarbonate ion during the 
third hour. 
It is of interest to note that the plants with an iron 
terminal oxidase are first in the order on inhibition. Only 
Dwarf Yellow milo (Midland milo) seems to be out of place. 
Brown (1953) observed a high endogenous activity in determining 
ascorbic acid oxidase (copper enzyme) activity in copper 
deficient milo plants. He found a poor correlation between 
visual deficiency symptoms and ascorbic acid oxidase activity 
in part of his milo experiments. His conclusion was that milo 
appears to be limited in growth through a copper system, but 
not necessarily in the same manner as wheat and barley. The 
milo plants were retarded in growth when grown on a calcareous 
soil, although no noticeable visual deficiencies were present. 
Plants such as wheat and barley have a copper terminal 
oxidase. The bicarbonate ion appears to affect their respira-
tion very slightly, if at all. The latter plants mentioned 
in table 6 are not considered to be chlorosis susceptible, 
whereas the former ones are chlorosis susceptible. One can 
also differentiate between these two groups by the respirational 
30 
pathway. The groups where little effect by bicarbonate ion 
is manifested are shown to have copper dominating terminal 
oxidases. 
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Table 6. Order of greatest bicarbonate inhibition of oxygen 
uptake by root tissues of different species 
Plants Postulated dominant terminal 
oxidase 
1. Great Northern bean iron 
2. Nasturtiums iron 
3· Dwarf Yellow milo copper 
4. Hasting Vfuite lupine iron 
5· Ga. Bitter Blue lupine iron 
6. P. I. soybean iron 
7• Morse's Progress (Dwarf) 
pea iron 
8. Fla. Crescent Yellow 
lupine iron 
9· Hawkeye soybean 
10. Ottowa Select Spring rye 
11. Thatcher wheat copper 
12. Hannchen barley copper 
13. Utah Hybrid corn copper-iron 
14 • . Prickly Seeded spinach copper 
15. · Marglobe tomato copper-iron 
16. Long Green okra copper 
Inhibition 
(average 15, 20, & 
25 me/1 NaHC03 · 
during 3rd hr. ~l 
23·5 
18.6 
16.7 
16.7 
14.7 
14.0 
11.8 
11.2 
11.0 
6.8 
6.3 
5·7 
4.6/ 
3·6 
1.0 / 
1.0 
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INHIBITORS 
The experiments in the previous section indicated a meta-
bolic difference in the plants studied. The plants could be 
separated by their terminal oxidases into two groups. It was 
the intent of the following experiments to compare the action 
of bicar~onate ion on plants posessingdominant copper and iron 
terminal oxidases with that of inhibitors of known action on 
the same plants. 
Sodium diethyldithiocarbamate (dieca) was the first inhi-
bitor with which experiments were conducted. Root tissue of 
three different plants, corn, barley, and beap were studied 
in this phase of the work. These plants were chosen because 
of their terminal oxidase and their differences in respiration 
in a bicarbonate nutrient solution. Dieca is fairly specific 
in its inhibition. It inhibits ascorbic acid oxidase and poly-
phenol oxidase, but has a moderate effect on cytochrome oxidase, 
thus differentiating between iron and copper enzymes. James 
(1953) reported that dieca totally inhibited barley ascorbic 
acid at millimolar concentration but also inhibited its cyto-
chrome oxidase by about 25 per cent. Stotz!! !l• (1937) 
round that dieca gave a 68 to 100 per cent inhibition at 3 
millimolar concentration. Goddard (1944> found that cytochrome 
oxidase- was inhibited 66 per cent at millimolar concentration 
and 39.6 per cent at 0.4 millimolar. James (1952) points out 
that dieca is unstable especially in a mildly acid solution. 
During decomposition it gives rise to a positive gas pressure 
which might be mistaken for an inhibition of oxygen consumption. 
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This is probably why such conflicting reports have been given 
as to the action of dieca. No literature was found on the 
affect of dieca in a basic solution. A preliminary experiment 
was run to see if there was a decomposition of dieca in the 
basic solution used. The manometers were attached without 
roots to see if there was a decomposition of the dieca. After 
three hours there was no change in pressure in the one millimolar 
and nine millimolar dieca nutrient solutions. 
Excised roots of the plants to be tested were placed in 
six flasks. The flasks contained Hoagland's solution, but 
differed in content of NaHCO) and inhibitor as follows: 
Flask A - - Control, no inhibitor 
Flask B - - 9 millimolar dieca 
Flask C - - 1 millimolar dieca 
Flask D - - 25 me/1 NaHco3 
Flask E - - 25 me/1 NaHco3 and 9 millimolar 
Flask F - - 25 me/1 NaHco3 and 1 millimolar 
dieca 
dieca 
The u1o2 uptake are tabulated in appendix table ~. The 
inhibition of respiration at different treatments is found in 
table 7• Bean and barley are inhibited greater at the higher 
dieca concentration. The inhibition increases with time and 
is intensified when the dieca is in combination with NaHco3• 
Corn is affected slightly more at the higher dieoa concentrations, 
but the dieca in combination with NaHco3 alters the inhibition 
slightly. Unfortunately, the pH of this experiment was not 
controlled and it is possible that the increase in inhibition 
of the respiration of bean and barley in the bioarbonate-~eca 
solutions was due to the higher pH. 
An exper~ent was planned to eliminate the pH factor 
occurring in t~e data of table 7• The same treatments were 
Table 7• The inhibitory effect of sodium diethyldithiocarbamate and NaHco3 on the respiration of bean, corn and barley (average from appendix, table 19) 
% inhibition 
I • 1 hr. 2 hr. 2 hr. ~ hr. 2 hr. Treatment Plant 
1 millimolar bean 9-~ la-2 22.1 29 .7 38.5 dieca corn 11. 1 • 7 14. 13.3 
barley 13. 14-9 3.6 
9 millimolar bean 21.8 21.7 34-8 45.0 56.4 dieca corn. 12.4 1 .1 16.4 25.0 barley 26. 36.8 4 .4 
25 me/1 bean 10.9 11.1 21.8 21.6 25.0 
NaHco
3 
corn + 4-3 + 4-4 + ~.0 .. 2.9 barley 0 3·5 ·3 
25 me/1 NaHC03 bean 1~.0 15-3 31·3 38·3 51.0 1 millimolar corn .6 16.2 18.7 22.0 
dieca barley 27.6 35-6 47·5 
25 me/1 NaHco3 bean 2~.2 27.8 36.0 39 .o 41.0 9 millimolar corn 1 .6 22.1 2~·3 28.0 dieca barley 38.0 47.2 5 ·3 
~ 
.r::-
~5 
used as before, but all treatments contained 10 me/1 of KH2P04 
to act as a buffer. The results, shown in table 8, follow 
the same trend as those in table 7• The inhibition of res-
piration of both bean and barley was increased markedly in 
the dieca-bicarbonate solutions over the dieca solutions alone. 
Again the inhibition increased with time. It is of importance 
to note that barley s~owed a decrease in respiration of 18 
per cent in the bicarbonate solution during the fourth hour. 
It is probable that the inhibition in respiration due to 
bicarbonate ion is additive to that brought about by dieca, 
It could be assumed that the bicarbonate ion affects a portion 
of the respirational cycle that is untouched by the dieca 
inhibitor. 
KCN is an inhibitor of heavy metal enzymes. It inhibits 
cytochrome oxidase, polyphenol oxidase, and ascorbic oxidase 
as well as othgr iron and copper enzymes. An experime~t was 
set up to test the effect of KCN in conjunction with bicarbonate 
ion. Complications arise when working with KCN because of the 
properties of cyanide. At a hydrogen concentration below pH 8 
the material exists as undissociated KCN, which is very volatile. 
The gas is a weak acid and unites readily with bases. Cyanide 
is chemically very active. Robbie (1943) has described a 
method for the quanitative control of cyanide in manometric 
experiments, which was utilized in the following experiment. 
Into the 10 per cent solution of KOH in the center well a 
definite quantity of KCN was added to bring about equilibrium 
and a more or less constant concentration of KCN in the 
experimental fluid. 
Excised roots of the plants to be tested were placed in 
the nutrient solutions containing KCN and NaHco3• The treatments 
Table 8. The inhibitory effect of sodium diethyldithiocarbamate and NaHco3 on the respiration of bean and barley 
1 Original 1 Final I ~ inhibition 
Treatment 1 Plant I EH I EH 1 1 hr. 2 hr. 2 hr. 4 hr. 
1 millimolar bean 8.8 8.4 6.7 6.! 0 0 dieca barley 8.8 8. 5·0 4. 5·0 6.4 
9 millimolar bean 8.8 8.4 21.4 ~3·7 59·0 ~6-3 dieca barley 8.8 8.4 38. 1.0 70.0 3·0 
25 me/1 bean 8.5 9.0 6.7 6.7 17·~ 2~-4 NaHco3 barley 8.5 9-0 2.5 9·3 10. 1 .o 
25 me/1 NaHCO~ bean 8.5 9.1 +1~.6 1.~.6 38-3 50.0 
1 millimolar ieca barley 8.5 9.2 1 .2 2 .o 32·5 37·6 
25 me/1 NaHCOd bean 8.~ 9.1 57·0 ~1-4 95·5 100.0 9 millimolar ieca barley 8. 9.1 52.4 3·5 85.0 93.0 
"" 
"' 
were as follow: 
Flask A -
Flask B -
Flask C 
-Hoagland's solution- control 
-Hoagland's soln. 1 x lo-4 molar KCN 
(0.90 molar added to center well) 
Hoagland's soln. 0.46 x 10-3 molar KCN 
<4.7 molar added to center well) 
Flask D --Hoagland's soln. 25 me/1 NaHco3 
Flask E- - Hoaglanp 1 s soln. 25 me/1 NaHC03 
1 x 10-4 molar KCN (0.90 molar added to center well) 
Flask F - - Hoa~land's soln. 25 me/1 NaHco3 0.4o X l0-3 molar KCN 
<4·7 molar added to center well) 
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The solutions were buffered with 10 me/1 of KH2P04 and 
tests were begun. The results in table 9 are similar for corn, 
bean, and barley. There is a greater inhibition in the bicar-
bonate KCN solution than in the KCN solutions alone. There is 
only a slight increase in inhibition with time in the nutrient 
solutions containing KCN alone. In the nutrient solutions 
containing both KCN and bicarbonate there is a marked decrease 
in respiration with time for the excised roots of bean. The 
barley respiration shows a similar effect. The respiration 
of barley roots is inhibited 18 per cent by the bicarbonate 
solution during the fourth and fifth hour. This effect was also 
noticed in the previous experiment. The bicarbonate inhibition 
for bean excised roots seems to be additive to the KCN inhibition. 
Sodium azide resembles cyanide in its capacity for forming 
complexes with metals. Its complexes however are less stable. 
Its action is noticeably affected in the pH range 5 to 8. 
Machlis (1944) reported that lo-3 molar concentration of azide 
inhibited barley respiration about 70 per cent. He found 
lower concentrations cause a stimulation similar to that found 
in cyanide. 
Table 9. The inhibitory e££ect of KCN and NaHco3 on the respiration or bean, corn and barley 
---- ------ 1 ---;- -- -----~ - -- ----- ---, -- - -- • -% inhibition 
1 Exp. 1 1 Original 1 Final 1 Treatment no. Plant pH pH 1 hr. 2 hr. 3 hr. 4 hr. 5 hr. 
1 x lo-4 1 63.6 65.0 61.2 
molar KCN 2 bean 8. 8 8.5 61.0 59.0 54·3 54·3 65.0 
o.46 x lo-3 
molar KCN 
3 47·a 50.4 62.0 
Average 57• 61.5 59.2 
1 
2 
3 
Average 
1 
1 
2 
3 
Average 
1 
2 
3 
Average 
corn 
barley 
bean 
corn 
1 barley 
8 .8 
8.8 
8.8 
8.8 
8 .8 
8.5 
8.5 
8.5 
8.5 
. 8 .5 
34.0 62.9 
66.0 71.4 77.4 
76.6 70.0 86.0 86.0 78.5 
56.6 75-4 77·0 -- --
66.4 72·3 80.1 
Q4.8 69-3 71.0 -- --69.6 69.o 8o.o 8o.o 8;.5 
~~.o &a·o ~-6 +1.1 ~a·o 
.1 .6 -~ 5·5 .2 
52.2 52.2 52.2 75-5 78.6 
~ 
()) 
Table 9. (Continued) 
Treatment 
1 Exp. ' 1 Original 1 Final 1 
1 no. 1 Plant 1 EH I EH I 1 hr. 
25 me/1 1 0 
NaHco3 2 bean ·8.5 9.2 2.0 3 2·1 
Average 3·7 
1 10.2 
2 corn 8.5 9·2 8.1 
3 ~-8 Average .o 
1 barley 8.5 9-2 0 
25 me/14NaHCO~ 1 1 x 10- mola 2 bean 8.5 9-2 
KCN 3 
Average 
1 68.0 
2 corn 8.5 9-2 61.4 
3 60.1 
Average 63-3 
1 · barley 8.5 9.2 31.2 
2 hr. 
11.1 
3·6 
20.2 
11.9 
~-1 
.1 
t.8 
·5 
0 
62.0 
ss.o 
1.6 
62.9 
69·0 1.4 
60.1 
60.2 
31.2 
~ inhibition 
~ hr. !! hr. 
14.1 23. 
~A:r 23-7 
8.~ --
- 3· 1.7 2.~ l•1 2. 
·1 
0 18.9 
72.6 
~8:6 78·5 
80.0 
~·8 
·3 65.0 82.0 20.0 
68.7 77·5 · 
31.2 64-4 
5 hr. 
30.8 
--4.1 ~-~ 
.2 
18.0 
83.2 
70.0 
12·6 
72.8 
66.3 
\.H 
\.0 
Table 9· (Concluded) 
I I I 
Exp. Original 
1 
Final 1 Treatment • no. 1 Plant ' EH :eH 1 hr. 
25 me/1 Na~co3 1 60.2 0.46 X 10- 2 bean 8.5 9.2 ~0-3 KCN 3 ~-0 
Average 71·5 
1 l9·6 2 corn 8.5 9·2 o.o 
3 §!!.o 
Average 67.9 
1 barley 8.5 9.2 53-6 
% inhibition 
2 hr. ~ hr. !± hr. 
73-0 
70.0 
84.0 
93-0 93.0 
20.0 ~2.0 
77·7 9 ·7 
~6:6 82.2 --~2-5 73·3 ~.0 2·0 2a·o 67.1 79·9 8 .2 
53-6 53·6 78.8 
5 hr. 
100.0 
--
79·5 78·~ 
79 .o 
81.6 
+:-
0 
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Excised roots of corn, wheat, and barley were placed in 
nutrient solutions similar to those used in the foregoing 
experiment, except for sodium azide being used in place or 
cyanide. The two concentrations of sodium azide used were 
4 x lo-3 molar and 0.5 x 10-3 molar. The data presented in 
table 10 show the affect of azide and bicarbonate ion on the 
respiration of excised roots. The azide inhibited to the 
greatest extent in the Hoagland's solution alone. Azide 
combined with bicarbonate gave less inhibition than azide 
alone in mos~ cases. This was probably due to the slight 
difference in pH between the solutions. Kellin (1937) showed 
an inhibition of catechol oxidase of 68 per cent at pH 5·9 
and not at all at pH 7•3 with 2 millimolar azide. No conclusion 
can be drawn concerning the effect of sodium azide in a bicar-
bonate solution because of the lower pH value in the absence 
of bicarbonate. 
The iron carbonyls are decomposed by visible light of 
short wave length• but the copper carbonyls are light-stable. 
Carbon monoxide provides an elegant method for the identification 
of cytochrome oxidase activity in vivo, since rapid alterations 
of inhibition and its reversal are obtained in the absence and 
presence of light of wave-length 430 millimicrons. 
The effect of CO on root tips in a bicarbonate medium is 
the phase of work that is reported here. Carbon monoxide was 
generated by boiling oxalic acid in concentrated sulphuric 
acid. The gas was bubbled through two concentrated potassium 
hydroxide solutions to remove the carbon dioxide. The monoxide 
gas was bubbled into a 20 liter bottle displacing the basic 
water. The desired carbon monoxide mixtures were obtained by 
displacing the gas from this bottle into two-liter flasks. 
Table 10. The inhibitory effect of NaN3 and NaHco3 on the respiration of bean. corn, and barley 
I I I I I % inhibition Exp. Original Final 
1 Plant Treatment I no. I pH I pH 1 hr. 2 hr. 3 hr. I 
o.f x 10-3 1 30.0 1~.0 16.2 
mo ar NaN3 2 8.8 8.4 bean 18.0 1 .o 2 .6 Average 24.0 16.0 18.9 
1 23·9 5-6 7-0 2 8.8 8.4 corn 11.~ 2·~ 0 
Average 17.6 7·5 3·5 
1 6.7 ~-2 3:~ 2 8.8 8.4 barley z.l ·~ Average 6.9 6.8 ~-5 
4.0 X 10-3 1 41.~ 28.7 26.1 
molar NaN3 2 8.8 8 •. 5 bean 21-~ 21·~ 2t.~ Average 36. 30.0 2 .8 
1 22.4 3·7 - 4.2 2 8.8 8.5 corn 22.0 22·2 2ti.6 
Average 25.7 18.0 10.2 
1 21.0 25.8 22.6 
2 8.8 8.5 barley 12·2 20.2 26.0 
Average 17.2 23.2 24.3 
+::-
1\) 
Table 10. {Continued) 
I I I Exp. I Original Final 
Treatment I no. I EH I EH I 
25 me/1 1 
NaHCO; 2 8.5 9.1 
Average 
1 
2 8.5 9.1 
Average 
1 
2 8.5 9.1 
Average 
25 me/1 NaHCO; 1 
0.5 X 10-3 2 8.5 9.1 
molar NaN; Average 
1 
2 8.5 9-1 
Average 
1 
2 8.5 9.1 
Average 
' I 
Plant 1 hr. 
bean + ~·7 -~ 
.. 0.2 
0 
corn + 6.0 
+ ;.o 
1.7 
barley + 6.0 
+ 2.1 
2.1 
bean + h·l 
+ 1.0 
+13-4 
corn 0 
... 6.7 
+ 4.2 
barley 2.0 
+ 1.0 
~ inhibition 
2 hr. ; hr. 
7-2 10.0 
~-~ !l±·l 
.2 12. ·· 
0 0 
.. 6.0 0 
+ ;.o 0 
-
6.0 §:~ 1.0 
3·5 9.2 
11.; 15-~ 
.. ~.1 1. 
;.6 8.8 
+16.6 
+ ~=1 6.1 
.. 5·2 + 2.2 
8.6 9·6 1~.0 lt. 
10.8 1 .6 
~ 
\.)1 
Table 10. (Concluded) 
• • • t 1 ~ inhibition 
1 
Exp. 
1 
Original Final 
Treatment no. pH 1 pH • Plant 1 1 hr. 2 hr. 3 hr. 
25 me/,1 NiHC03 4.0 X 10_, 
molar NaN3 
1 
2 
Average 
1 
2 
Average 
1 
2 
Average 
8.5 9 .1 
8.5 9·1 
8.5 9.1 
bean 
corn 
barley 
15·7 12.6 
7·4 7·4 
11.5 10.0 
lh.9 6.0 
10.5 
7·5 +14.8 + 9 ·9 6.4 4.6 10.0 
~·9 5·1 0 
16.8 23.3 26.0 
+ 6.0 1 2 .2 22 .3 5·4 17.8 24.2 
+="" 
+="" 
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The volume ratio of carbon monoxide to oxygen, or nitrogen to 
oxygen, (5•7 N2/o2 , C0/02 ), was calculated in the gas phase. 
Two partly immersed beakers containing 200 watt bulbs were 
placed in the constant temperature bath to .supply the lighting 
for the syst~m. Waygood (1950) used the same arrangement 
effectively. Water was running in and out ot the bath to 
maintain a constant temperature when the lighting system was 
in use. 
The manometers were joined together in series and then 
flushed out with two liters of the desired gas mixture. Flasks 
with gas vents were used. The treatments used in this experi-
ment were: 
A-- Hoagland's solution 5·7 N2/02 
B-- Hoagland's solution 5·7 C0/02 
C Hoagland's solution 25 me/1 NaHC03 5·7 N2/02 
D - - Same as C 
E-- Hoagland's solution 25 me/1 NaHco3 5·7 C0/02 
F - - Same as E 
The solutions were buffered to constant pH with 10 me/1 
KH2Po4• Appendix table 20 gives the rates of respiration in 
the various treatment s . In table 11 and figure 2 are tabulated 
the inhib itory effects of the different treatments. 
The 5.7 carbon monoxide-oxygen ratio as compared to 5•7' 
nitrogen-~xygen ratio inhibited bean repiration 50 per ce~ in 
the first hour. Upon being illuminated by over 400 foot candles 
of light the inhibition was reversed until in the third hour 
less thaq 17 per cent inhibition was exhibited. The inhibition 
became gr~ater in the fourth and fifth hour when there was no 
1llum1n~t1on. Corn respiration was inhibited slightly in the 
5·7 carbon monoxide-oxygen ratio. Light had little or no effect 
Table 11. The inhibitory efrect of CO and NaHco3 on the respiration or bean and corn 
I I Average ~ inhibition 
I Ligfit tight ~hr. 6 hr. Treatment I Plant 1 hr. 2 hr. 2 hr. 2 hr. 
5·7 C0/02 bean ( 2) n~ 52.0 30-4 16.8 41.0 48.0 31.8~ 
5·7 C0/02 corn (2) 13.0 10.3 18.6 9-4 16.1 24.6* 
25 me/1 NaHco3 bean (4) 13.1 21.8 40.1 4 8-7 63.6 66.6* with 
5·7 N2/02 corn ( 4) 2.2 13.6 12.8 12.5 15·9 - 8.5-w 
25 me/1 NaHco3 bean (4) 52.6 48.0 50.0 56-5 68.0 ss.o~-with 
5•7 C0/02 corn ( 4) 34.8 29 .o 27·3 37·5 43·3 
* One experiment only 
~~* Numb~rs in parenthesis indicate the number of experiments 
+=-
"' 
.: "·• t l. · • o o~ to • 10 . .., •"' ·o • "' II ' " 
wA ro l l"'t.l .. 
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on the respiration. The respiration of excised roots of bean 
was inhibited 52 ~er cent in the first hour of the carbon 
monoxide NaHco3 treatment. Light did not reverse this inhibition. 
During the fourth and fifth hours the inhibition increased to 
56 and 68 per cent respectively. The respiration of corn 
excised roots was inhibited slightly more or less than 35 per 
cent in bicarbonate-carbon-monoxide solution. Light again had 
little effect on the respiration. 
The non-reversible inhibition of KCN in the presence of 
bicarbonate could result from bicarbonate ions affecting the 
same enzyme system as co. The inhibition of the bean root 
respiration in the bicarbonate solution seems to be magnified 
in this experiment over previous experiments. Light is the 
only variable that has been added to the bicarbonate solution. 
Could the light energy intensify the inhibition due to the 
bicarbonate ion? It can be concluded from this experiment 
that bicarbonate ions affect the cytochrome oxidase enzyme in 
a manner similar to co, or that an enzyme or enzymes in the 
cytochrome oxidase respiratory system are being affected by the 
bicarbonate ions. 
The following experiments were conducted to determine if 
strong light has an accelerating effect on the inhibition in 
respiration by bicarbonate ions. A buffered Hoagland's nutrient 
solution was added to the manometer flasks. Half of the flasks 
contained 25 me/1 NaHdO;• The same lighting system was utilized 
as in 'the previous ex~riments, and flasks were illuminated 
during the second and ~hird hours of the test period. Table 
12 gives the per cent [nhibition of respiration of excised bean 
roots- This was calcu~ated by comparison with the respiration 
of roo~s in the non-bicarbonate solutions. This is graphically 
Table 12. The inhibitory errect or NaHco3 on the respiration or excised bean roots under illumination 
I if inhibition 
1 Exp. 1 Original 1 Final 1 Light Light 
4 hr. 6 hr. 8 hn Treatment no. pH pH 1 hr. 2 hr. 3 hr. 5 hr. 7 hr. 
25 me/1 1 8.5 9.2 4-3 9.0 5·0 9.0 21.8 NaHco3 1 8.5 9-1 5·6 9.2 9-2 21.2 33·8 
1 8.5 9.2 + 8.6 0 4-9 10.9 22.4 
2 8.5 9.2 4·-7 7·3 28.4 38.0 59 .o 59 .o 66.0 74.0 
2 8.5 9·3 6.9 10.0 19 .o 30.2 43·7 54·4 62.0 66.0 
2 8.5 9.0 3·0 12.2 21.6 4o.o 46.0 51·3 67.2 69·5 
3 8.5 9·3 3·6 6.0 7·5 20.0 22.8 21.6 
*3 8.5 9.2 8.4 9.2 12.3 16.4 21.0 37·4 
3 8.5 9·3 1.9 ~-9 6.0 20.~ 22-:Z 38.0 
Average 3·3 7.6 12.7 22.9 32-9 43.6 65.1 69.8 
*'TOe or1g1nal pH of Hoagland's solution was 10.2 in contrast to 8.5 of the bicarbonate 
Hoagland's solution. The rinal pH was 8.7. 
..s::-
'-0 
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portrayed in figure ;. The roots in the non-bicarbonate solution 
were immersed in a buffered solution of pH 9.2 in experiments 
1 and 2, and pH 10.2 in experiment ;. The results are similar 
for the three experiments. 
The inhibition in respiration of the excised roots or bean 
increases with time and is over 60 per cent in the seventh 
hour. The data correspond closely to that experienced in the 
carbon monoxide experiment. In table 13 and figure 3 the 
inhibition in respiration of excised bean roots is tabulated. 
The flasks were not illuminated with light. Tables 12 and 13 
give essentially the same results. The data show that light 
had no accelerating effect on the inhibition by bicarbonate 
ion. The inhibition simply increased with time. In table 11 
the inhibition of the excised bean roots in the bicarbonate 
nutrient solution was shown to be over 40 per cent during the 
third hour. In tables 12 and 13 an inhibition of such magnitude 
is not found until the fifth or sixth hours. The roots in the 
bicarbonate-carbon monoxide solution were aerated with mixtures 
of C0/02 with N2/02• The roots were, therefore, in the nutrient 
solution close to one and a half hours before the experiment 
was started. Taking this into account, the results in tables 
11, 12, and 13 are similar. 
In table 13, during the seventh and eighth hours in the 
experiment, the inhibition was over 60 per cent. The roots 
of experiment la and lb after the sixth hour were removed 
from the flasks, rinsed with distilled water, and placed in 
Hoagland's solution. The inhibition was not reversed, although 
the roots were washed clean and placed in a non-bicarbonate 
nutrient solution. This would tend to disprove the theory that 
the inhibition of respiration in the bicarbonate solution 
Table 13. The inhibitory effect of NaHco3 on the respiration of excised bean roots 
t I I l % inhibition Exp. Original Final 1 2 hr. 2 hr. ~ hr. 2 hr. 6 hr. '1 hr. 8 hr. Treatment' no 1 EH 1 EH 1 hr. 
25 me/1 la 8.5 9·2 1.0 4.0 5·1 22.3 34.6 61.0 60.0 1lc.Q NaHco3 lb 8.5 9.2 2.3 6.0 8.0 19.0 30.6 40.0 ~ §.di 
lc 8.5 9·2 4.0 7·5 10.0 19 . 8 36.0 60.8 61.0 53.0 
2 8.5 9.0 + 5·4 0 15.0 24.5 37-6 89 .o 55-2 
2 8.5 9.1 + 3·0 5·0 11.5 25.1 32.2 80.0 42.0 
2 8.5 9.2 + 8.1 2.0 7.2 22.8 27.6 81.o ~. ~ l.!Q.o 
Average ... 1.6 4-1 9·5 22.3 33·1 68.6 51.8 
V1 
..... 
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results from the accumulation of bicarbonate ions around the 
root surface. 
In these experiments the bicarbonate and non-bicarbonate 
solutions were not perfectly buffered. The indication, how-
ever, 1s that the pH has a minor effect on the respiration 
in the range concerned when bicarbonate ions are not present. 
Beans with roots two centimeters long were allowed to 
grow overnight in a Hoagland's solution bufrered to a. pH 
of 9.4. The next morning the apical centimeter sections of 
these roots were immersed in Hoagland's solution, pH 8.8, 
contained in respiratory flasks. The respiration of these 
roots was compared to that of roots germinated on pads and 
put in respiratory fl~sks containing the same nutrient 
solutions. Although the roots were in a nutrient solution 
of pH 9·4 overnight, their respiration was comparable to that 
of excised roots that had been germinated by the standard 
method. Table 14 shows the inhibition of respiration of the 
roots left overnight in the nutrient solution, pH 9.4, compared 
to the respiration of roots prepared in the standard manner. 
A slight inhibition is manifested, but it does not account 
for that observed in the presence of bicarbonate ions. Al• 
though the roots were left in the buffered pH solution tor 
over fifteen hours, the respiration continued to be almost 
normal. Excised roots in a bicarbonate solution for six or 
seven hours suffer a 60 to 70 or more per cent decrease 1n 
respiration. The data indicate definitely that the 'biearbonate 
ion has a specific effect on the respiration distinct from 
the pH effect. 
In all experiments in which buffered solutions were used, 
10 me/1 of KH2P04 was the buffering agent. The effect of 
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the potassium ion on respiration, however, had yet to be 
determined, and an experiment was set up to determine this 
effect. Excised apical centimeter segments of Great Northern 
bean were placed in flasks containing Hoagland's solution 
and Hoagland's solution plus 10 me/1 of KCl. Table 15 
indicates a slight activation in the respiration by the 
potassium ion. 
It had been noted in the experiments that the dry weight 
of the bean roots treated in Hoa gland's solution was always 
greater, without exception, than the dry weight of roots 
treated in a bicarbonate nutrient soluti on. Althou~h the 
same size roots were taken and randomly placed in bicarbonate 
and Hoagland's solution, the difference in weight was almost 
one milligram in ten. This may account for the activation 
of respiration found in the first hour with bean. This 
difference in weight was noticed only with bean. It could 
be postulated also that the roots in bicarbonate-nutrient 
solution absorbed less nutrients than those in the nutrient 
solution. This could be refle cted in the calculations as 
decrea s ed respiration. 
Table 14. The effect of pH on the respiration of 
excised bean roots 
I ;; inhibition 
Treatment 1 1 hr. 2 hr. ~ hr. ~ hr. ~ hr. 6 hr . 
Hoagland's 
solution·:~ 6.2 4.1 5·1 6.9 12.0 10.0 
* Roots left in Hoagland's solution pH 9 .4 overnight , 
excised and put in Hoagland's solution pH 8.8 
Table 15. The effect of KCl on the respiration of 
excised bean roots 
(Average of 3 experiments) 
I I Original 
Treatment 1 pH • 
% inhibition 
Final 
1~------------------------­pH 1 1 hr. 2 hr. 3 hr. 4 hr. 
Hoagland's 
solution 7.0 
10 me/1 KCl 
55 
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DISCUSSION AND CONCLUSION 
The work reported in this thesis shows bicarbonate ions 
to have an inhibitory effect on the respiration of several 
plants, whereas other species are but little affected by the 
bicarbonate ion. The plants that were affected are chlorosis 
susceptible; those sl i ghtly affected are not susceptible to 
chlorosis. Species of the chlorosis-susceptible group have 
an iron dominating terminal oxidase in contrast to copper 
dominating terminal oxidases of the non-chlorosis-susceptible 
species. 
Work with inhibitors indicates that bicarbonate ions 
affect the cytochrome oxidase system. Under illumination 
carbon monoxide inhibition of respiration in the presence of 
bicarbonate ions could not be reversed. Iron carbonyls are 
decomposed under illumination when bicarbonate ions are not 
present. This seems to indicate that bicarbonate ions, upon 
being absorbed by the plant, upset the respiratory cycle. 
If bicarbonate ions affect the cytochrome oxidase system 
this would give a plausible explanation as to why there is 
a difference between species of plants in susceptibility to 
chlorosis. The effect of bicarbonate ions on the respiration 
cycle would also clarify the differences observed between 
normal and chlorotic plants. 
The majority of the literature on lime-induced chlorosis 
shares the viewpoint that the iron in an alkaline soil is 
immobilized in some manner, and the absorption into the plant 
is thereby hindered. Currently the opinion that iron is in 
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some way immobilized within the plant is gaining popular favor. 
Some fundamental differences have been observed between 
normal and chlorotic plants. Iljin (1943) found that chlorotic 
plants on the dry weight basis containep more water than the 
healthy. This would mean that the vacuoles in the cells of 
the chlorotic plants contained more wat~r than the normal cell 
vacuoles. Organic acids are found in g~eater concentrations 
in chlorotic plants than in healthy plants. Iljin (1944) in 
working with a group of chlorotic plants noticed that citric 
acid comprised over 10 per cent of the ·qry weight. The citric 
acid in healthy plants could scarcely be detected. McGeorge 
( 1948) made similar observations. Il ~~in ( 1944) observed that 
changes in content of citric acid pro9eeds parallel changes 
in Ca and Mg. Ordinarily the productton of citric acid lags, 
but if it gains ascendancy a yellowing of the leaves proceeds 
parallel to it. Ilgin (1944) found ' also that . leaves of a 
chlorotic plant always contained a smaller ~oncentration of 
• 
malic acid than the corresponding healthy le~ves. 
Chibnall (1939) followed the 'changes of organic acid 
that occur in the dark. He found that malic acid decreases in 
concentration rapidly and citric acid increases in concentra-
tion with excised tobacco leaves over a 143-hqur starvation 
period. 
Citric and malic acids are accounted for as products of 
the citric acid respirational qycle. Krebs (~940) famous 
version of the citric acid cycle is given belqw: 
c 1 Jric ~ cis -a 0on1 r..ic -( ~ lso~itric \ 
~acetic 
pvruvir ~ 
m ~ 1 · c ~ fl::na r! c 
a -\<e tor.:lu taric 
) 
~ ccin!.c 
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Citric, aconitic, and isocitric are held in equilibrium 
by the enzyme aconitase. The per cent of total acid at 
equilibrium is shown below. 
Citric 80~ 
Aconitic 4% 
Isocitric 16% 
One or the citric acid equilibrium forms is oxidatively 
decarboxylated to a-ketoglutaric acid in the presence or oxalo-
succinic carboxylase. The oxidation and decarboxylation or 
a•ketoglutaric acid is known to yield succinic acid. Succinic 
acid is then oxidized to fumaric acid, which is brought in 
equilibrium with malic acid by the enzyme fumarase. This acid 
is then oxidized to oxaloacetic acid. Here the cycle starts 
over again. 
The work of Catino and Thyatt (1953) found that certain 
lower plants (mutant strains of Blastocladiella} which con-
tained no a-ketoglutaric acid were rendered incapable of growth 
on a bicarbonate medium. Other strains of Blastocladiella which 
did contain ketoglutaric acid produced resistant sporangia on 
a bicarbonate media, and growth continued. 
Chlorosis-susceptible plants show a definite decrease in 
respiration in the presence of bicarbonate ions. The plants 
that are not so susceptible to chlorosis were affected to a 
lesser degree by the bicarbonate ions. This inhibition does 
not seem to be a result of the accumulation of bicarbonate 
ions on the external root surfaces. The indications are that 
bicarbonate ions are absorbed into the root and there have an 
inhibitory effect on some substance or substances in the 
respiratory pathway. 
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If we postulate that the bicarbonate ion blocks a portion 
of the respiration cycle, then the observed abnormalities in 
- . 
chlorotic plants can be explained. The inhibition of respira-
tion due to the bicarbonate ion could be brought about by 
upsetting the equilibrium that exists in certain reactions. 
.... 
ketoglutaric acid - co2 - red.TPN D-isocitric acid - TPN 
The oxidation of isocitrate to oxalosuccinate in the presence of 
isocitrate dehydrogenase and the hydrogen acceptor, triphoa-
phopyridine nucleotide or TPN, is combined with the decarboxyla-
tion of oxalosuccinate to ketoglutarate by oxalosuccinic carb-
oxylase. The equilibrium constant for the overall reaction ia 
7•7 x 10~~ or far over towards the side of decarboxylation. 
This re~ction can be shifted in the direction of co2 fixation 
by coupling with reactions that produce reduced TPN. 
K _ (ketoglutarate) (H2co3 ) (red. TPN) • 7•7 x 10•3 
- (D-isocitrate) {TPN) 
Inasmuch as the cytoplasm of most plant cells is strongly 
buffered at a pH of (Ca 5·5-6.5), co2 liberated in decarboxy-
lation reactions must undoubtedly exist within the cell as 
an ionic species. Any external supply of bicarbonate, then, 
would be expected to affect the concentration of this species 
and hence drive the equilibrium concentration in the direction 
of the co2 of the reaction. This in turn would increase the 
concentration of i~ociiric and on to citric. It is also con-
ceivable that an increase in H2CO~, which could be brought 
about by absorption of the bicarbonate ion, would cause an 
increase in the D-isocitrate, which is in turn in equilibr.ium 
with citric acid. This could account for abnormal concentra-
tiona of citric acid found in chlorotic plants. 
Cytochrome C reductase functions as a (H)-carrier between 
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reduced TPN and cytochrome c. Thus cytochrome C reductase is 
reduced by reduced TPN and is speedily reoxidized by cyto-
chrome c. It is also possible that cytochrome reductase is 
in some way affected by the absorbed bicarbonate ion. This 
would in turn increase the concentration of reduced TPN, thereby 
increasing the concentration of citric acid. If this were the 
case then in the presence of bicarbonate ions the observed 
inhibition in respiration of plants containing the cytochrome 
system would be expected, as would the lack of inhibition of 
plants containing the ascorbic acid oxidase or some similar 
system. 
If the production of ketoglutaric acid were blocked, then 
one would expect to find little succinic, malic, and fumaric 
acid, since they occur after ketoglutaric acid in the Kreb's 
cycle. In chlorotic plant tissue malic acid concentration 
is lower than in the normal plant tissue . 
The pH of the plant sap is determined almost solely by 
the total acid concentration and the r a tio of free acid to 
salt. 
pH : pK + log (acid salt) 
(free acid) 
Small changes in the free acid/acid-salt ratio, such as might 
be caused by fluctuations in cation uptake will have relatively 
little effect on the pH. The high K low Ca content found in 
chlorotic plant tissue may be a result of the lowered respira-
tion rate and the upset free acid/acid salt ratio. The higher 
organic acid content would also be expected to lower the pH 
of the cell extract. 
The work with CO inhibitor and NaHco3 indicates the 
bicarbonate inhibition of respiration is linked to the cytochrome 
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system. One could check the postulation that the bicarbonate 
ion increases the reduced TPN and thereby reverses the equili-
brium isocitrate-ketoglutarate reaction by adding TPN to the 
system. If the inhibition due to the bicarbonate ion were 
reduced, the indications would be that the foregoing postu-
lations were correct. 
Through the isolation of iron and copper enzymes it would 
be possible to determine the bicarbonate effect on their 
respective activities, and establish whether the bicarbonate 
effect is specific for certain iron enzymes or if it affects 
various substances in the res~iratory cycle. 
The "Direct Method" of Warburg was used for all manometric 
determinations in the preceding experiments. To measure the 
oxygen uptake with this method it is necessary to work in an 
atmosphere free from co2• At the different bicarbonate levels 
a buffer was necessary to maintain a constant pH. Evenso 
the buffer allowed the pH of the high bicarbonate mixture to 
fluctuate considerably. By using Warburg's "Indirect Method" 
it would be possible to maintain a constant pH and bicarbonate 
concentration by adjusting the co2 pressure. This follows 
the Henderson-Basselbach equation: 
pH = pK - log C02 / Hco3 
The oxygen uptake could then be measured with the pH remaining 
constant throughout the experiment. This would eliminate 
variable pH as a source of error. The problem of maintaining 
a constant pH was not overcome by using the "Direct Method". 
Another shortcoming of the previous work was the method 
of measuring ul 02 uptake per mg dry weight of tissue. It 
is not comparable to put roots that have res pired in a 
bicarbonate solution on the same dry weight basis as roots 
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which have respired in a non-bicarbonate solution. A better 
procedure would be to measure the ul 02 uptake per 10 one em 
apical sections of root or on a per mg protein-N basis. This 
would give more accurate results when roots of identical ages, 
. 
diameters, lengths, and tissue were used than basing the o2 
uptake on the dry weight. It would naturally be necessary 
to use more root sections when studying respiration of wheat, 
barley, and other small rooted plants. 
SUMMARY 
Excised apical centimeter sections of roots were immersed 
in the desired nutrient solution. Readings were taken every 
hour, and the ul o2 uptake was calculated per mg dry weight 
tissue. Nutrient solutions were buffered using KH2P04 to 
rna inta in a fairly constant pH. Warburg' s "Direct Method" · 
was used in all experiments. 
The respirational rate of excised roots depends upon 
the age, length, and section of root used, as well as other 
controlling factors. Seeds germinated on absorbent pads under 
controlled temperature and moisture conditions produce roots 
of fairly constant diameters and lengths. The excised apical 
centimeter sections from these roots respire at a constant 
I 
rate. 
Apical sections of Great Northern bean respire at com-
parable rates when immersed in nutrient solutions in the pH 
range of 4.5 to 8.5. At pH 3 the respiration falls off 
markedly. At pH 10.5 there is an inhibition of .the respiration. 
This seems to increase with time. The respirational rate from 
a pH of 6 to 9.4 appears to be constant throughout this range. 
Roots left overnight in a buffered pH 9.4 nutrient solution 
show only .a slight decrease in respiration. 
Common ions found in the soil have, in general, little 
effect on the respiration. The respiration of bean roots 
immersed in Hoagland's solution is inhibited slightly by Cl, 
so4, Ca, and Na ions. K ions give a slight stimulation of 
respiration. Bicarbonate ions inhibit the respiration markedly. 
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The inhibition increases with time. 
The effect of different levels of NaHco3 on excised roots 
of plants immersed in Hoagland's solution was determined. The 
plants tested contain either copper or iron terminal oxidases. 
The results show the respiration of plants containing an iron 
terminal oxidase to be inhibited more than those containing 
a copper terminal oxidase. The inhibition of respiration of 
the plants with an iron system increases with time. Time has 
little effect on the plants with a copper system. Plants 
that are most highly chlorosis susceptible show the greatest 
decrease in respiration in the presence of bicarbonate ions. 
The inhibition of the respiration of certain plants due 
to bicarbonate ions seems to be linked to the cytochrome 
oxidase system. The inhibition cau~ed by CO could not be 
reversed by illumination in the presence of NaHco3• KCN and 
sodium diexthyldithiocarbamate inhibit the respiration to a 
greater extent in the presence of bicarbonate ions. 
Excised roots of bean are inhibited over 60 per cent in 
the seventh hour. The inhibition is a function of bicarbonate 
level and time. 
The hypothesis that the inhibition of respiration due to 
the bicarbonate ion is brought about by a block in the Kreb's 
cycle is proposed. 
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APPENDIX 
Appendix Table 1. Respiration of excised bean roots at 
various pH levels in Hoagland's solution ~ 
ul 62 uptake per hr. 
1 Original 1 Final 
per mg dry tissue 
' Series EH EH 1 hr. 2 hr. ~ hr. Ave rase 
1 3·0 3-0 8.4 6.6 ~-8 6.6 2 3·0 3-0 9·3 ~=~ .o 6.9 3 3·0 3·0 ll.2 2·6 1·2 
Average 9·7 5-8 5·5 7-0 
1 4-5 4-5 ia•1 14.7 14-7 1~-9 2 4-5 4-5 ·9 14.2 19.1 1 .1 3 4-5 4-5 12.1 11.~ 11.1 11.2 
Average 14.2 13. 15.2 14-3 
1 6.0 6.1 ig:~ 16.7 12.0 ~=~ 2 6.0 6.0 16.2 lo 3 6.0 6.0 1~.6 12·2 14-~ Average 15.2 15 ·5 1 -~ 1 • 15. 
1 7-5 7·5 13.6 15.4 11.1 13.4 
2 7·5 7-5 15.0 15.9 20.5 17.1 
3 7·5 7-5 12.~ 12.1 1!!.0 12.8 
Average 13-7 14-5 15.2 14-4 
1 9.0 8.~ 14.3 i6:4 10.9. 13·1 2 9.0 8. 15.1 21.6 17. 
3 9.0 8.5 ~-2 1~.2 14-~ 12·1 Average 
·3 15.0 15. 15.0 
1 10.~ 9.2 13-~ 14-5 9-8 12.6 2 10. 9.2 li. 13.2 16.0 14·3 3 10.1) 9·5 1 ·7. 10.~ 10.8 11.1 
Average 12.9 12. 12.3 12.7 
; 
. 
' '· 
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Appendix Table 2 . Respiration of bean roots at various pH 
levels 
ul o2 uptake per hr. 
I per mg dry tissue 
1 
Original 
• 
Final 
• Series EH EH 1 hr. 2 hr. ~ hr. Average 
1 6.5 6.4 
2 6.5 6.4 
~ 6 .5 6.4 6.5 6.4 
Average 
1 7-0 6 . 8 16.1 11.6 1!·9 1!·2 2 7-0 6.8 12.9 10.6 1 ·9 1 . 8 
~ 7-0 6.8 16.7 16. 20.1 17.8 7.0 6. 8 10.g 1~.~ 1!!·~ fi·o Average 14.0 13-3 15.1 .1 
1 7·5 7-4. 14.7 10.4 12.a 12.6 2 7·5 7-4 12.0 10.1 10. 10.8 
' 
7·5 7-4 13.0 13.7 17-7 15.0 
7·5 7-4 10.0 12·2 12·2 12 . ~ 
Average 12.4 11.9 13.5 12.8 
1 8.2 8.0 16.1 10.9 13.0 13.R 2 8.2 8.0 12.4 10.6 11.3 11. 
a 8.2 8.1 14.9 14-6 17 .o 15-5 8.2 8.0 10.0 12· 12.6 12.2 
Average 13-4 12.4 13·7 13.1 
1 8.7 8.3 15.1 10.4 12.1 12.6 
2 8.7 8., 12.0 10.2 10.1 10.8 
R 8.7 
8. 16.2 15·~ 18.g 16.6 8.7 8.5 2·2 12· 12. 12 .~ 
Average 13-3 12.4 13·5 13.1 
1 9 .2 8.4. 16.1 11.1 13.0 13.4 
2 9·2 8. 4 12.6 10.5 10.9 11.3 
~ 9.2 8.1 14.8 14.2 18.6 16.0 9 .2 8. 10.2 1~-!! 1~.~ 12.0 
Average 13-5 12.5 1 .2 13.4 
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Appendix Table la. Per cent difference in respiration at 
different pH levels as compared to 
solutions at pH 7 and pH 7•5 
% difference from pH 7·5 solution 
Original Final 
EH EH 1 hr. 2 hr. 2 hr. Average 
3·0 3·0 -29 .2 -57-2 -:64.0 -51·5 
4·5 4-5 + 3·5 - 7-6 o.o - 1.3 
6.0 6.0 + 9 -9 + 6.4 + 9·5 + 8.9 
9 .0 8.5 + 4.2 + 3·3 + 2.5 + 3·4 
10.5 9·3 - 5·8 -11.7 -19 .o -11.8 
Appendix Table 2a. 
% dif'f'erence from pH 7 solution 
Original Final 
EH pH 1 hr. 2 hr. 2 hr. Avera~e 
6.5 6.4 - 2.9 - 3 · 0 - 5·9 - 4 -0 
7·5 7-4 -11.0 -10. 5 - 4.0 - 8.5 
8 . 2 8 . 0 
- 4 .3 - 6 . 8 - 9 .2 - 6.8 
8.7 8. 4 
- 5·0 - 6 . 8 -10.5 - 7-4 
9.2 8 .5 - 3 . 6 - 6.0 - 6.0 - 5·2 
Appendix Table 3· Respiration of excised roots of Great Northern bean as affected 
by different levels of NaHco3 
NaHC03 . . I I u1 o2 uptake per hr. per mg dry wt. Treatment • Exp. • Original 1 Final f 
me/1 1 no. I pH I pH 
' 
1 hr. 2 hr. 3 hr. 4 hr. Average 
-
0 1 7·0 6.9 11.6 9 .1 10.6 11.1 10.7 2 'b·o 6.9 12. 10.9 11.8 10.9 11.4 
' 
·9 6.9 7.8 6.a 7·5 8.0 7·l 6 .9 6.8 1,2.~ 1,2._ 12.2 12.2 1~. 
Average 11.2 10.0 10.5 12.3 11.1 
5 1 7·5 7·5 10.8 8.7 8.7 10.2 9 ·7 2 7·5 7.8 10.2 9.8 10.0 10.0 10.0 
4 7.6 7·7 6.4 5·3 5·6 6 . 0 5·~ 7·5 7·9 12.2 11.1 11.0 12·a 12. Average 9 · 9 8.9 8.8 10. 9 ·5 
10 1 7·8 ~·9 10.1 7·~ 7.2 8.5 8.~ 2 7.9 
·5 11.5 9 · 10.0 11.2 10. 
4 7·9 8.2 6.1 ~-0 5·7 6.1 5·7 7·8 8.3 12·2 1_.1 1,2.~ 18.8 12·2 
Average 10.8 9 .1 9.1 11.2 10.1 
15 1 8.0 8.6 9 ·9 ~·0 ~ ·0 8.0 8.0 2 8.1 8.8 9·9 ·1 . 8 9.2 9 .2 
R 8.1 · 8.7 6.5 5.0 5·3 5·3 5· 8.0 8.5 11.2 11.2 10.2 12.6 12.!1 
Average 9 ·4 8.2 8.0 9 ·5 8.8 
20 1 8.2 9.0 9·4 8.0 6.6 6.8 7·5 2 8.3 9.0 10.1 4•1 8.8 9 ·4 9·3 
' 
8.3 8.8 6.3 ·9 5·5 5·3 5·6 8.2 8.9 12.2 11.2 10.9 12·2 12. -..J 
Average 9·5 8.5 8.0 9·2 8.7 
1\) 
Appendix Table 3· (Concluded) 
NaHCO I ' ' I 
Treatmerit I Exp. 1 Original 1 Final 
me/1 1 no. I pH I pH I 
25 1 8.~ §·0 2 8. .2 
4 8. 9.0 8.5 9.2 
Average 
ul o2 uptake per hr. per mg dry wt. 
1 hr. 2 hr. 3 hr. 4 hr. Average 
10.0 6.1 ~·9 6.~ ?.1 10.~ 9· .8 9· 9·7 
7· 5·6 6.~ 5·6 6.2 11.~ 10.2 10. 12.2 11.~ 
9·7 7·9 8.1 8.8 8.6 
-.J 
'-"' 
Appendix Table 4. Respiration of excised roots of Golden Bantam Sweet corn as 
affected by different levels of NaHco3 
NaHCO~ ' ' • 1 ul o2 uptake per hr. per mg dry wt. Treatment 1 Exp. 1 Original I Final · 
me/1 1 no. • pH 1 pH 1 1 hr. 2 hr. 3 hr. 4 hr. Average 
0 1 6.8 6.7 6.5 5.8 6.9 -- 6.h 
2 7·0 . 6.7 6.1 6.5 6.7 6.6 6.6 
3 7-0 6.9 8. ~-1 8.0 8.2 8.0 
Average 7.2 .5 7.2 7•4 7.0 
5 1 7-7 7-8 6.7 6.0 7.0 -- 6.5 
2 7·7 7.8 6.0 6 .0 6.5 6.7 6.3 
3 7·5 8.2 8.0 6.7 7·5 7·7 t•~ 
Average 6.9 6.2 7.0 7.2. 
10 1 7.8 8.0 7.1 6.4 6.6 -- 6.7 
2 7.8 8.0 6.2 6.0 6.6 6.8 6.4 
3 7.8 8.3 8.2 t.o 8.0 8.3 7·9 ~ 
Average 7.2 ·5 7.1 7•5 7.0 
15 1 8.2 8.« 6.h 5·5 5·7 -- 5·9 
2 8.2 8.4 5·8 6.1 6.9 7-6 6.6 
3 8.2 8.5 8.~ t.o 8.o 7.9 t•8 
Average 6. .2 6.8 7•7 .8 
20 1 8.2 8.6 6.9 5·8 6.6 -- 6.h 
2 8.3 8.8 5.3 6.2 6.1 5.8 5.8 
3 8.3 9.1 8.6 6.8 7·7 8.0 7-8 
Average 6.9 6.3 6.8 6.9 6.7 
25 1 8.6 8.9 6.8 5.8 6.u -- 6.3 
2 8.6 9.0 6.5 6.6 6.8 7·1 6.8 
3 8.5 9·2 8.6 6.3 7·7 7·8 7·6 ~ 
Average 7.1 6.2 7.0 7.4 6.9 ~ 
Appendix Table 5· 
NaHCO . Treatme~t 1 Exp. 
me/1 ' no. 
0 1 
5 1 
10 1 
15 1 
20 1 
25 1 
Respiration of excised roots of tomato as affected by different 
levels of NaHco3 
. . I u1 o2 uptake per hr. per mg dry wt. I Original 1 Final 
I pH I pH 1 1 hr. 2 hr. 3 hr. 4 hr. Average 
7·0 6.8 10.1 9·1 10.1 10.5 10.0 
?.6 ?.8 10.5 9.6 9.6 9.6 9.8 
?.8 8.5 10.8 9·5 10.4 9·9 10.1 
8.0 8.8 9·9 8.8 9·9 10.4 9.8 
8.3 9.2 10.0 9·7 10.1 9-2 9·8 
8.6 9·4 10.5 9·3 10.1 9·8 9 ·9 
-.J 
V1 
Appendix Table 6. Respiration of excised roots of Prickly Seeded spinach as affected 
by different levels of NaHC03 
NaHCO ul 02 uptake per hr. per mg dry wt. Treatmerlt I I 1 Final Exp. Original 
me/1 1 no. I pH I pH I 1 hr. 2 hr. 3 hr. 4 hr. Average 
-
0 1 7·0 6.7 7·9 6.6 8.8 10.3 8.4 
5 1 7·5 7·5 7.6 6.2 7·9 9 ·9 7·9 
10 1 8.0 8.4 7·4 6.6 8.2 9·3 7·9 
15 1 8.2 8.7 7.8 7.1 8.1 9·5 8.1 
20 1 . 8.4 8.9 7·4 7·4 8.7 10.2 8.4 
25 1 8.7 9·1 7·9 7·9 8 .7 10.2 8.7 
-..1 ()\ 
Appendix Table 7• Respiration of excised roots of nasturtiums as affected by 
different levels of NaHC03 
-
NaHC06 . . I ul 02 uptake per hr. per mg dry wt. 
Treatme t 1 Exp. 1 Original 1 Final 
me/1 • no. I pH I pH I 1 hr. 2 hr. 3 hr. Average 
0 1 ?.0 7·0 9·9 9·5 11.3 10.3 
5 1 7·5 8.2 9·7 7·0 9·1 8.6 
15 1 8.2 9.0 10.2 8.6 9.6 9·5 
25 1 8.6 9·3 9.8 7·9 8.8 8.8 
-.J 
-.J 
Appendix Table 8. Respiration of excised roots of Hannchen barley as affected by · 
different levels of NaHco3 
NaHCO~ 
Treatment 
me/1 
0 
Average 
5 
Average 
10 
Average 
15 
Average 
20 
Average 
25 
Average 
I 
I 
Exp. • Original • 
no. I pH I 
1 t.o 2 .o 
1 7·5 
2 7·5 
1 8.0 
2 7.8 
1 8.2 
2 8.0 
1 8.4 
2 8.; 
1 8.7 
2 8.5 
Final 
ul 02 uptake per hr. per mg dry wt. 
-
pH I 1 hr. 2 hr. 3 hr. Average 
l•o 9·1 10.2 10.~ 10.1 
·9 2· 2·2 2· 8.0 
7·3 9 ·9 10.0 9.1 
7.6 
7·9 
10.4 10.9 10.6 10.6 
2·3 2·1 2·0 7·8 
7·9 10.0 9 .8 9·2 
8.6 
8.6 
10.5 10.5 10.2 10.4 
5·5 9.0 8.7 7·7 
a.o 9·7 9·5 9 .1 
8.8 
8.5 9·5 9·8 9.8 9 ·7 4·7 9·1 9·4 ~.~ 
7·1 9·9 9·6 8.7 
8.9 
8.9 
10.5 10.5 10.0 10.3 
5.2 9.2 9.1 7-8 
7.8 9·9 9 ·5 9.1 
9.1 
9.2 
10.3 . 10.; 9·~ 10.0 
5_.4 9·0 9· .. . - - ~ ~7~1._ 
7.8 ~.7 9.2 8.9 
--J 
()) 
Appendix Tabl·e 9· The respiration of excised roots of Morses Progress Dwarf peas 
as affected by different levels of NaHco3 
NaHCO • • I I ul o2 uptake per hr. per mg dry wt. Treatmerlt I Exp. I Original I Final 
me/1 I no. I pH I pH I 1 hr. 2 hr. 3 hr. Average 
-
0 1 ?.0 6.8 6.6 l:G 6:l 5·9 2 7·0 6.8 1·~ l•l 3 7·0 6.8 z. 6:a 6.~ 6:t Average 7·3 6.2 
5 1 7-~ 8.0 6.0 s.o 5·1 6:~ 2 7· 8.1 7.0 6.9 6.3 
3 7·5 8.0 1·2 6.2 6.1 6.7_ 
Average 6.8 6.1 5·8 6.2 
10 1 8.0 8.9 6.1 5.2 6•0 6·4 2 8.0 8.~ 6.~ 6.7 .o 6:~ 3 ?.8 8. 6.1 6.1 Average ~: 6.0 5·7 6. 
' 8.2 8.9 4.6 15 1 6·9 ~·9 6•1 2 8.o 8.8 
·9 l•o .2 ·7 3 8.0 8.6 ~·0 .o 2·8 6.~ Average .6 5·9 5·6 6.o 
20 1 8.H 9.0 6·9 ~.8 s.o 6•2 2 8.4 9.0 
·9 .o 6.4 .8 
3 8.3 9.1 z.o .o 2·1 6.2 
Average 6.6 5·9 5·7 6.1 
-:1 
'-!) 
Appendix T.a.bl.tL9. • . (.Concluded) 
NaHCO I I I 
Treatmerlt I Exp. I Original 1 Final 
me/1 1 no. I pH I pH 
25 1 8.6 9.2 
2 8.7 9.2 
3 8.5 9 .2 
Average 
I 
I 
ul 02 uptake per hr. per mg dry wt. 
1 hr. 2 hr. 3 hr. Average 
-
5·8 ~.6 4·7 §·0 6.2 .2 5·4 ·9 
6.2 2·6 2·2 2·2 
6.3 5·5 5·1 5·6 
co 
0 
Appendix Table 10. Respiration of excised roots of Thatcher wheat as affected 
by different levels of NaHco3 
NaHCO 
Treatmeat • Exp. 
me/1 . no. 
0 1 
2 
4 
Average 
5 1 
2 
~ 
Average 
10 1 
2 
4 
Average 
15 1 
2 
R 
Average 
t Original 
I pH 
7.0 
7.0 
7.0 
7.0 
7·5 
7·5 
7·5 
7-5 
7.8 ?.8 
?.8 ?.8 
8.2 8.0 
8.0 
8.0 
Final 
pH 
6.8 
6.9 6.8 
7·0 
7-8 
7-9 8.0 
7.8 
8.4 
8.a 8. 
8. 
8.8 
8.7 
8.8 
8.6 
ul o2 uptake per hr. per mg dry wt. 
1 hr. 2 hr. 3 hr. Average 
10.h 9.4 7•h 9.1 
9.2 7.1 7.6 8.0 
10.5 9.2 9.2 9.6 
9·4 8.7 8.8 9·0 9·9 8.o- ----8-~3 8.9 
10.1 9.1 7-4 8.9 
9.0 6.7 7.4 7.7 
9.6 8.7 8.7 9.0 9.0 8.2 8.7 8.6 
9·4 8.2 9.1 8.6 
9 ·9 8.8 7·5 8.7 
8.7 6.9 7.0 7·5 
10.0 8.9 9.0 9·3 
9·1 8.1 8.4 8.5 
9.~--8.2 e.o ---s.5 
10.4 9·2 8.1 9.2 
8.5 7.0 7.~ 7·4 
9·9 8.3 8.4 8.9 
8.8 7·0 7·9 8.1 
9 ·4 . - -- 8.0 7·9 . - - 8.4 
co 
1-' 
Appendix Table 10. (Concluded) 
NaHCOrl_ . 
Treatme t I Exp. ' Original 1 Final 
me/1 ' no. f pH f pH 
20 1 8.4 9.2 
2 8.2 9.0 
R 8.2 9.0 8.2 9.0 
Average 
25 1 8.7 9·4 I 2. 8.5 9.2 
R 8.§ 9·4 8. 9.2 
Averae e 
I 
I 
ul o2 uptake per hr. per mg dry wt. 
1 hr. 2 hr. 3 hr. Average 
9·6 8.2 6•0 8.3 8. 6.~ .8 7·3 10.6 8. 8.7 ~·3 2·1 '1·6 8.0 .2 
9_·5 7·7 7.6 8.3 
9.6 8.i 6·5 8.6 8.4 6. 
·7 7· 10.5 
2·2 
9.0 8.0 9.0 8.0 §:~ . . 
9·4 7·9 7.8 8.4 
b:> 
1\) 
Appendix Table 11. Respiration of excised roots of Dwarf Yellow milo as affected 
by different levels of NaHC03 
NaHCO I I I I ul o2 uptake per hr. per mg dry wt. Treatmeat I Expe 1 Original • Final 
me/1 , no. I pH I pH I 1 hr. 2 hr. 3 hr. Average 
0 1 ~·0 6.8 8.7 8.~ 8.6 8.6 2 .o 6.7 1·2 1· 8.2 1·2 
Average 7·9 8.0 8.8 8.2 
5 1 7·~ 8.2 l·9 l·9 7·~ 7-8 2 7· 8.2 
7:t 7:t 
1· 1·2 
Average 7·6 7·5 
10 1 7·8 8.6 l:1 7·3 ~·1 7.2 2 7.8 8.6 1·2 ·~ 1·~ Average 7·0 7.2 7-7 7·3 
15 1 8.0 8.8 8.1 l•8 7·t l:l 2 8.0 8.8 6.0 
·2 '1· Average 7.0 7.2 7·2 7·2 
20 1 8.2 9.2 l·9 7.2 7·2 7·4 2 8.2 9.2 .6 1·1 1·'1 :z.1 Average 7·2 7·2 7·5 7·3 
25 1 8.~ 9.2 l•7 l•2 1:3 1:6 2 8. 9·2 
·1 ·1 
Average 7-2 7.0 7·3 7.2 
CD 
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Appendix Table 12. Respiration of excised roots of Hasting White lupine as 
affected by different levels of NaHco3 
NaHCO 
• ' 
u1 o2 uptake per hr. per mg dry wt. Treatmerlt ' I Exp. Original Final 
rne/1 • no. I pH * pH ' 1 hr. 2 hr. 3 hr. Average 
0 1 7.0 6.§ 6 . 9 6.9 6.8 6.86 2 7·0 6. 6 .~ 6.2 6.1 6.20 
Average 6 .6 6.6 6 . 4 6.53 
5 1 7·5 ~·7 5·8 5·3 5·2 ~:~ 2 7·5 .o 2·2 5·~ 5·l Average 5·9 5.65 5· 5· 
10 1 ~·8 8.~ 6.0 5.8 5·5 5.8 2 .o 8. 2·6 2·7 5·a 2•t Average 5·8 5.8 5· 5· 5 
15 1 8 .0 8.~ 6.8 6.4 6.3 6.6 2 8.0 8. ~·~ ~·9 ~·2 ~· Average 5· 5·7 5·3 5·55 
20 1 8.2 9.0 6.2 6.0 ~:~ a·9 2 8.2 8. 9 ~.8 ~.o <l Average 5·5 5·5 5·0 5· 3 
25 1 8.5 9 ·2 6.4 5·9 5·~ 6.0 2 8.6 9·4 6.1 6.1 2· 6.0 Average 6.3 c.o 5·7 6.0 
LX> 
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Appendix Table 13. Respiration of excised roots of Florida Crescent Yellow lupine 
as affected by different levels of NaHco3 
NaHCO I I I I ul o2 uptake per hr. per mg dry wt. Treatmerlt 1 Exp. I Original I Final 
me/1 1 no. 
' 
pH 
' 
pH I 1 hr. 2 hr. 3 hr. Average 
0 1 7·0 6.~ 7·1 7.8 e.o 7·6 2 7.0 6. 12·2 12.0 12·1 1~. 8 
Average 11.5 11.4 10.8 11.2 
5 1 7·5 8.0 7·~ 7·9 7.8 7·7 2 7·5 7.8 12·" 11.2 12.~ 12.1 
Average 10.7 9·9 10.1 10.2 
10 1 8.0 8.6 7·0 7·5 ?.6 7·g 2 8.0 8.6 1~.o 12.0 11.8 12. 
Average 10.5 9·8 9·7 10.0 
15 1 8.2 8.9 6.1 6.8 6.8 6.6 
2 8.2 8.8 !li•O 12·2 11.2 12.1 
Average 10.0 10.1 9·3 9.8 
20 1 8.4 9.2 7·4 7.6 7·4 7·~ 2 8.4 9.1 12.1 1~.o 12.~ 1~. 
Average 11.2 10.8 9·9 10.6 
()) 
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Appendix Table 14. Respiration of excised roots of Georgia Bitter Blue lupine 
as affected by different levels of NaHco3 
NaHCO~ 
Treatmefit • Exp. 
me/1 . no. 
0 1 
2 
3 
Average 
5 1 
Average 
10 
Average 
15 
Average 
20 
Average 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
' 
• Original 
pH 
?.0 ?.0 
?.0 
7·5 
7·5 
7·5 
?.8 
?.8 
?.8 
8.0 
8.0 
8.0 
8.2 
8.2 
8.3 
ul o2 uptake per hr. per mg dry wt. 
r Final ,---------.--------------------------------pH 
6.8 
6.7 
6.6 
7.8 
8.0 
?.6 
8.h 
8.6 
8.3 
8.6 
8.8 
8.5 
8.9 
9·2 9.0 
1 hr. 2 hr. 3 hr. Average 
6.8 ?. 8 7-5 ? .h ~·0 ~·1 6.8 ~.6 
• 5 • 2 . -- f2 . 3 .. ---~j___ 1.4 rr:r- -- -r.s 1.6 
6.4 7-1 6.8 6.8 
7-1 7.2 1·0 7.1 
9 • 0 8 • 4 - 7 • 6 - -- -~fl-_3_ 
7.8 7.6 7-1 T-? 
6 .8 7-6 ?.2 7-2 
7.1 7.2 6.9 ?.1 
8. 5 8.o 7_.2 7·9 
7·5 7-6 ?.1 7·4 
6.l 7·3 6.6 6.8 6. 7-2 6.5 6.8 
1· 7·3 6.4 __ 7.1 
6.9 7·3 6.5 6.9 
6.7 7·3 6.6 6.2 
6.5 7·0 6.2 6.6 
7·7 7·5 6.6 7~3 
?.0 7·3 6.4- 6 .9 
•"D 
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Appendix Table 14. (Concluded) 
NaHCO~ I I 
Treatme t I Exp. 1 Original 
me/1 • no. I pH 
25 1 8.~ 2 8. 
; 8.5 
Avera ge 
I I 
• Final 
I pH 
' 
9-2 
9·4 9.2 
ul o2 uptake per hr. per mg dry wt. 
1 hr. 2 hr . 3 hr. Average 
6 .; 6 . 8 6.2 6 .4 
6.~ 6.6 6.1 6.; 1· 7·~ 6.1 1·2 
6.8 6.9 6 .; 6.7 
co 
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Appendix Table 15. Respiration of excised roots of Hawkeye soybean as affected 
by different levels of NaHco3 
NaHCO 
Treatmerlt 
me/1 
0 
Average 
5 
Average 
10 
Average 
15 
Average 
20 
Average 
25 
Average 
Exp. 
no. 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
Original 
pH 
1·0 
7.0 
7·5 
7·5 
?.8 
?.8 
8.0 
8.0 
8.3 
8.3 
8.5 
8.5 
' Final 
pH 
6.7 ?.0 
8.1 
8.6 
8.6 
8.5 
8.7 
9.0 
9·1 
9·3 
9.2 
9·3 
u1 o2 uptake per hr. per mg dry wt. 
1 hr. 2 hr. 3 hr. Average 
10.7 10.7 10.6 10.7 
13.3 "12.2 13.8 13.1 
12.0 11.4 12.2 11 .9 
10.0 
12.0 
11.0 
10.0 9.8 
11.4 12.5 
10.7 11.2 
9·9 12.0 
11.0 
10.0 10.0 9.6 9·8 
9.6 10.4 10.4 10.2 
9.8 10.2 10.0 10.0 
10.1 10.0 9.8 10.0 
12.5 11.4 13.0 ·_ 12._3 
11.3 10.7 11.4 11.1 
9.2 9.2 8.8 9 .1 
11.9 10.7 11.9 11.5 
10.6 9·9 10.4 10.3 
10.3 
10.6 
10.5 
10.2 
10.0 
10.1 
10.0 
11.6 
10.8 
10.2 
10.7 
10.5 
CD 
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Appendix Table 16. Respiration of excised roots of P. I. 54619 -5-l soybean as 
affected by different levels of NaHC03 
NaHCOrl • I I • ul o2 uptake per hr. per mg dry wt. Treatme t Exp. Original Final 
me/1 I no. • pH I pH I 1 hr. 2 hr. 3 hr. Average 
0 1 7·0 6.9 Total for 3 hrs. 36.4 12.1 
5 1 7·5 8.0 Total for 3 hrs. 35·8 11.9 
10 1 7·8 8.6 Total for 3 hrs. 32.2 10.7 
15 1 8.0 8.7 Total for 3 hrs. 30.6 10.2 
20 1 8.3 9.0 Total for 3 hrs. 31·5 10.5 
25 1 8.5 9.2 Total for 3 hrs. 31.6 10.5 
(l) 
~ 
Appendix Table 17. Respiration of Ottawa Select Spring r ye as affected by different 
levels of NaHco3 
NaHCO I I • • ul o2 uptake per hr. per mg dry wt. Treatme6t 1 Exp. 1 Original • Final 
me/1 ' no. • pH • pH f 1 hr. 2 hr. 3 hr. 4 hr. 5 hr. Average 
0 1 ~·0 6.9 10.5 10.1 10.4 -- -- 10.4 2 .8 8.3 9·3 9·3 8.3 8.3 l•l 8. 2 8.8 8.3 8.a 7·2 7·6 7_.6 ·~ 1·2 Average 9· 9.1 8.8 8.0 6.7 8.7 
25 1 8.~ 9.2 9.1 §·0 8.9 -- -- 9.0 2 8. 9·2 9·4 .4 7·8 7-4 7·0 8.0 
2 8.5 9·0 2·2 2·2 7.8 1·2 1·0 8.2 
Average 9·3 8.9 8.2 7·5 7.0 8.4 
-0 
0 
Appendix Table 18. Respiration of Long Pod okra Burpee #667 as affected by 
different levels of NaHco3 
' 
I I 
' NaHCO I ul o2 uptake per hr. per mg dry wt. Treatme3t ' I I Exp. Original Final 
me/1 1 no. I pH • pH I 1 hr. 2 hr. 3 hr. Average 
0 1 7.0 6.8 10.1 9·6 9·9 9·9 
5 1 7·5 8.0 9·9 9·5 10.4 9 ·9 
10 1 7.8 8.5 9·6 9·6 10.2 9·8 
15 1 8.0 8.7 9.6 9.0 9·9 9·5 
. 
20 1 8.2 9.2 10.2 9.2 9 ·9 9.8 
25 1 8.5 9·4 9·5 9.0 9·6 9·4 
"u 
·-· 
Appendix Table 19. Respiration of excised roots of bean, corn, and barley as 
affected by different levels of sodium diethyldithiocarbamate 
Treatment 1 Plant 
0 bean 
Average 
0 corn 
Average 
0 barley 
Average 
1 m Mol 
dieca 
Average 
1 m Mol 
dieca 
Average 
bean 
corn 
1 m Mol barley 
dieca 
Average 
1 Orig inal 1 Final 
pH I pH 
7·0 
7·0 
?.0 ?.0 
7.0 
7.0 
7.0 
7•0 
7.0 
7.0 
7.0 
7.0 
6.9 
6.9 
6.9 6.8 
6.8 
6.8 
7·5 
7·4 
7·5 7.1 
7.1 
7·1 
ul o2 uptake per hr. per mg dry wt. 
t 1 hr. 2 hr. 3 hr. 
12.8 
16.6 
14.7 
4 hr. 5 hr. 
16.2 15.6 
8.5 8.6 8.5 8.6 --
5.6 5·0 6.5 5·0 --
7.0 6.8 7·5 6.8 
7·8 7·7 6.3 
9·6 9·7 1?·1 
8.7 8.7 8.4 
13.4 11.6 9.6 -- --
13.3 13.4 12.1 11.4 9·7 
13·3 12.5 11.4 
7·3 7-4 7·3 7·4 5·2 4.2 5·5 4.3 
6.2 5.8 6.4 5·9 
7·3 
7·7 
7·5 
7-1 7. 8 
7·4 
6.0 
10.1 
8.1 
.I) 
r\J 
Appendix Table 19. (Continued) 
Treatment 
I 
Plant • Original pH 
9 m Mol bean 
dieca 
Average 
9 m Mol corn 
dieca 
Average 
9 m Mol barley 
dieca 
Average 
25 me/1 bean 
NaHco3 Average 
25 me/1 corn 
NaHco3 Average 
25 me/1 barley 
NaHco3 Average 
7.0 
7-0 
7.0 
7·2 
7·2 
7·2 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
ul 02 uptake per hr. per mg dry wt. 
Final ~· -------------------pH 1 1 hr. 2 hr. 3 hr. 4 hr. 5 hr. 
7.8 
8.0 
7.8 
8.0 
8.0 
8.0 
9.2 
9·4 
9.2 
9·0 
9.0 
9.1 
11.7 10.2 8.2 -- --
11.3 11.2 11.0 8.9 6.8 
11.5 10.7 9.6 
7.0 7·0 7-0 7.0 
5.2 4.1 5·3 3·3 
~1 5·5 o.2 ?~r--
5·9 4.1 2.9 
6.9 7·0 6.1 
6.4 5·5 --~-5 
12.3 11.9 9·~ -- --
13·9 13.8 13. 12.7 11.2 
13.1 12.8 11.5 
8.8 8.8 8.8 8.8 
5·9 5·3 6 .8 5·1 
7·3 7·1 7.8 7-0 
8.4 7·5 5·7 --
9·1 9_.2 .. 9·7 
8.7 8.4 7·7 -- --
'-0 
VJ 
Appendix Table 19. (Concluded) 
Treatment 
I 
,Plant 
25 me/1 NaHCO~ 
- 1 m Mol oean 
dieca 
Average 
corn 
Average 
barley 
Average 
25 me/1 NaHCO~ 
- 9 m Mol eean 
dieca 
Average 
corn 
Average 
barley 
Average 
' Original 
pH 
8.5 
8.5 
8.5 
8.5 
8.5 8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
• Final 
ul o2 uptake per hr. per mg dry wt. 
pH 1 1 hr. 2 hr. 3 hr. 4 hr. 5 hr. 
9-2 12.8 12.1 9.2 -- --9-4 12.3 12.3 11.0 10.0 8.4 
12.5 12.2 10.1 
9.2 7·0 7.0 7·0 7.0 
9.0 5-8 4·5 5·2 3·6 
6.4 5·7 6.1 5·3 
9.0 6.o u.4 3.1 -- --
9.o 6.7 6.7 5·7 -- --
6.3 5·6 4.4 
9.2 11.~ 10.2 7.8 9·4 10. 10.6 11.0 2·2 9.2 11.0 10.4 9-4 
9.2 6.3 6.4 6.~· 6.4 9.0 2·0 ~·2 ~· 2·2 
'5•7 5·3 5·6 4·9 
9.2 ~.8 3·3 2.2 9.0 .o 6.0 ~·I -- --
5-4 4.6 3·5 
•,::;, 
+::-
Appendix Table 20. Respiration of excised roots of corn and bean as affected by CO 
and NaHco3 
I t 
' . ' 
u1 o2 uptake per hr. per mg dry wt. 
, Exp. 
• 1 
Original 1 Final tignt tight 4 hr. Treatment no. Plant pH pH I 1 hr. 2 hr. 3 hr. 5 hr. 
5•7 N2/02 1 bean 8.8 8.6 16.6 10.2 12.i 13.4 18.2 2 
. 1~·~ 12.~ rt:~ &:6 Average 1~ • 1 • 11. 1 • 
1 corn 8.8 8.6 11.2 12.2 10.5 11.4 11.6 2 11.8 11.~ 11.~ ~:~ 12. Average 11.5 11. 10. 11.8 
. 
5•7 C0/02 1 bean 8.8 8.6 6.5 6.6 8.7 6.0 6.9 
2 8.2 ~:6 1~.1 l:~ t:~ Average 7-3 1 .9 
1 corn 8.8 8.6 8.8 11.9 9·5 10.6 8.6 2 11.1 ~·1 ~·2 6.~ t:~ Average 1o.o 1 .5 • 3 8 • 
25 me/1 NaHCO~ 
- 5•7 C0/02 bean 8.5 9.1 ~.6 6.6 6.6 7.1 7.1 2 
.,:6 6.~ t:~ ~·2 ~·2 Average 6. .I .2 
1 corn 8.5 9·1 8.6 11.0 9.1 ~-9 8.3 2 ~·Q z.Y. ~-5 .7. 912 Average .1 9.2 
·3 7·3 ·3 
6 hla 
--
12.2 
--
10.5 
8.8 
--
9.6 
--
2.1 
9.6 
'-!) 
\.]1 
Appendix Table 20. (Concluded) 
? 
eExp. • 
Treatment no. Plant 
25 me/1 NaHCO~ 
- 5·7 C0/02 1 bean 
2 
Average 
Average 
1 
2 
25 me/1 NaHCO~ 
- 5•7 N2/02 1 
2 
Average 
Average 
1 
2 
25 me/1 NaHC03 
- 5·7 N2/02 1 
2 
Average 
Average 
1 
2 
corn 
bean 
corn 
bean 
corn 
• 
• Original 
pH 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
I 
' u1 o2 uptake per hr. per mg dry wt. 
t Final , Light Light 
pH 1 hr. 2 hr. 3 hr • 4 hr • 5 hr. 6 hn 
9·1 
9.1 
9.1 
9.1 
9.1 
9.1 
6.0 
8.8 
7-4 
1. 
7·3 7·3 1·t t·6 6.0 --
7·3 7·3 7· .6 6.0 
15.2 8.9 7.3 8.4 6.3 --
13.0 9.6 11.8 6.2 6.2 5·9 
12.6 9·2 9.6 7·3 6.2 
11.1 10.7 9·2 10.6 10.3 
11.3- 8._7 8.7 -~ 6_._2_ 8.8 
11.2 
11.2 9. 7 9.0 - - - 8. 7 9 .6 
·7 15·7 11. .2 1.1 
13·7 
11.5 
11.1 
11.3 
.o 
12.0 10.5 11.1 11.0 11.7 
9.1_ 9·2_ __9_.1__ 9·3 --
10.5 9-9 8.9 10.2 
"' ()-. 
